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Cell adhesion is one of the most important and basic biological phenomenon that is 
essential for cells to not only survive and proliferate but also to organize themselves into 
complex and better functional units. Cell adhesion allows adherent cell types like 
epithelial cells to form monolayers that not only act as barriers to invading pathogens but 
also regulate solute and solvent diffusion. The solute transport is not only regulated by 
the cells themselves but also by the intercellular adhesion proteins that hold these cells 
together. However, these intercellular adhesion proteins are not passive mechanical 
barriers to solutes but are highly dynamic, organized complexes that also regulate cellular 
processes such as proliferation, differentiation and migration. The expression, distribution 
and functions of these cell adhesion proteins are significantly affected by mechanical, 
chemical and biological stimuli coming from the surroundings. Apart from their normal 
physiological roles, several cell adhesion molecules also act as receptors for a variety of 
bacteria, viruses and several other pathogens. Furthermore, different cell adhesion 
molecules are bestowed with different structural, adhesive and kinetic properties so that 
they can serve different physiological functions. In this dissertation, the adhesion kinetics 
of specific intercellular adhesion proteins localizing at adherens junctions and tight 
junctions (nectin-1 and JAM-A) were elucidated using single molecule force 
spectroscopy. Also the effect of mechanical strain on the expression and localization of 
specific tight junction proteins was investigated. Results show that multiple binding 
configurations of homophilic nectin-1 interactions exist. Also, the relatively long bond 
half life of nectin-1 mediated interactions when compared to initial E-cadherin 
interactions provides a strong biophysical support for their role in initiating intercellular 
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adhesion. On the other hand, homophilic JAM-A interactions were found to be highly 
dynamic in nature. Such dynamic interactions provide a biophysical basis for the role of 
JAM-A in regulating paracellular diffusion of solutes as well as in trans endothelial 
migration of leukocytes. The interactions of the reovirus attachment protein sigma-1 with 
JAM-A (which acts as a cell receptor for sigma-1) were found to be kinetically more 
stable than homophilic JAM-A interactions and probably help the virus in attaching itself 
firmly to the cell. Finally, application of external mechanical strain was found to increase 
occludin expression and inhibit proliferation rate in MDCK cells. The increase was also 
associated with destabilization and re-localization of the tight junction adaptor protein 
ZO-2 from intercellular boundaries into the cytoplasm and nucleus. This strongly 
suggests that the tight junction complex plays an important role in regulating and 
modulating cellular response to external mechanical strain. The results provide an insight 
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Cell adhesion is one of the most important and basic biological phenomenon that is 
essential for cells to not only survive and proliferate, but also to organize themselves into 
more complex and better functional units[1, 2]. Cell adhesion allows adherent cell types 
like epithelial cells to form monolayers that line several organ systems e.g. the respiratory 
tract, gastrointestinal tract, biliary tract and renal tract just to name a few. Apart from 
acting as barriers to invading pathogens, epithelial monolayers are also responsible for 
maintaining tissue homeostasis. They are responsible for critically regulating solute and 
solvent diffusion across the monolayers to maintain the internal milieu conducive for 
tissues to function normally. The solute transport is not only regulated by the cells 
themselves but also by the intercellular adhesion proteins that hold these cells together. 
However, these intercellular adhesion proteins are not passive mechanical barriers to 
solutes but are highly dynamic, organized complexes that also regulate cellular processes 
such as proliferation, differentiation and migration[3-5]. The expression, distribution and 
functions of these cell adhesion proteins are significantly affected by mechanical, 
chemical and biological stimuli coming from the surroundings. For suspended cell types 
e.g. leukocytes, adhesion is of primary importance in initiating and promoting the process 
of inflammation[6]. Apart from their normal physiological roles, several cell adhesion 
molecules also act as receptors for a variety of bacteria, viruses and several other 
pathogens[7-9]. Also, several diseases are associated with altered expression, 
distribution, structure and/or function of cell adhesion proteins either as a cause or 
effect[10]. Furthermore, different cell adhesion molecules are bestowed with different 
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structural, adhesive and kinetic properties so that they can serve different physiological 
functions[10]. Correlating the adhesion kinetics of specific intercellular adhesion proteins 
to their physiological functions and to study the effect of mechanical stimuli on cell 
adhesion proteins is the primary goal of this dissertation.  
1.1.1  Intercellular adhesion complex in epithelial monolayers 
The organization of a typical epithelial monolayer is shown in Fig. 1.1. There are two 
pathways for solutes to diffuse across epithelia. The transcellular pathway is actively 
regulated by the cells themselves while the paracellular pathway is guarded by the 
intercellular adhesion complex[4, 11]. The intercellular adhesion complex also stabilizes 
and maintains the overall architecture of the monolayer.  
 
Figure 1.1 Schematic showing transcellular and paracellular pathways for solute diffusion across 
epithelial monolayers. 
 




(a) Tight junction complex: This is located at the top of the intercellular adhesion 
complex and forms a circumferential belt around the apical membrane of the cells. The 
complex itself is made up of several integral membrane proteins and their corresponding 
cytoplasmic adaptors. The tight junction (TJ) complex is considered the major regulator 
of the paracellular diffusion of solutes (gate function). The TJ complex also maintains a 
differential distribution of proteins (polarity) in the apical and basolateral membranes of 
epithelial cells by preventing diffusion of proteins. This function of TJ proteins is often 
referred to as the fence function. Apart from this, the cytoplasmic components of the TJ 






Figure 1.2 Schematic of the components constituting the intercellular adhesion complex 
in epithelial monolayers[4]. 
 
(b) Adherens junction complex:  This complex is located just below the TJ complex. 
Similar to the TJ complex, adherens junction (AJ) complex is also constituted by 
different membrane proteins and their cytoplasmic adaptors. The primary function of AJ 
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complex unlike the TJ complex is to initiate, develop and maintain the adhesion between 
adjacent cells in the epithelial monolayer. The cytoplasmic components associated with 
the AJ proteins also play an important role in regulating cell proliferation. 
(c) Desmosomes: Desmosomes are proteins that belong to the superfamily of cadherins 
and similar to E-cadherins, play an important role in providing mechanical stability to the 
intercellular junction. Their importance in maintaining the integrity of intercellular 
adhesion is evident in several diseases like pemphigus, where auto antibodies against the 
desmosomal protein e.g. desmogelin-1 make the epidermis very fragile leading to the 
formation blisters. 
(d) Gap junctions: Gap junctions are proteins that provide conduits for neighboring cells 
to transmit signals and communicate with one another. Hemi channels of adjacent cells 
formed from hexamers of connexins come in contact with one another to form a complete 
channel that allows passage of ions and small chemical molecules. 
1.1.2 Intercellular adhesion in suspended cells 
The importance of intercellular adhesion in suspended cells is exemplified by leukocytes 
and monocytes during the process of inflammation. During inflammation, freely flowing 
leukocytes and monocytes in the blood are captured by the inflamed endothelial cells 
(Fig. 1.3)[6]. Activated endothelial cells express selectins (E-selectin and P-selectin) 
which can interact with their corresponding ligands present on the leukocytes (e.g. P-
selectin glycoprotein ligand or PSGL). Furthermore, leukocytes also express molecules 
belonging to the integrin family (LFA-1 or leukocyte function associated antigen) which 
interact with intercellular adhesion molecule 1 (ICAM-1) thereby promoting adhesion. 
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While some of the adhesion molecules are involved in arresting leukocytes, others are 
involved in the crawling and transmigration of the leukocytes across the endothelial cell 
junctions (e.g. JAM-A). 
 
Figure 1.3 Schematic of adhesion process involving leukocytes during inflammation[6]. 
 
1.1.3 Cell-matrix adhesion 
Cell matrix adhesion is mediated by a group of heterodimeric proteins called integrins. 
Integrins contain an α chain and a β chain (Fig. 1.4)[12]. They interact with RGD 
(Arginine, Glutamic acid and Aspartic acid) sequences present on ECM (extracellular 
matrix) proteins like collagen and fibronectin. The engagement of integrins with the 
ECM is the starting point for the formation of focal complexes and focal adhesion. The 
initial adhesion of integrins to the ECM proteins, called the focal complex, leads to their 
clustering and is later strengthened by recruitment of various kinases (e.g. focal adhesion 
kinase or FAK and Src), adaptor molecules and the cytoskeleton leading to the formation 
of the mature focal adhesion (FA). The FAK and Fyn/Shc pathways represent two main 
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signaling pathways activated by integrins. Apart from these main signaling pathways, 
integrins can also initiate several other signaling pathways leading to gene activation and 
expression[13-15]. Furthermore, externally applied mechanical forces play an important 
role in the maturation of the FA. This “force dependent stiffening” is a very important 


















Figure 1.4 Heterodimeric integrins mediate cell-matrix adhesion. They are also important 















1.1.4 Quantifying intercellular adhesion forces 
Measuring the adhesion forces mediated by various cell adhesion molecules has been a 
topic of great interest for biologists as well as biophysicists. To this end, a number of 
experimental techniques have been devised for quantifying intercellular adhesion 
forces[16]. Initial studies could only be used for studying qualitative differences between 
different cell adhesion molecules. This was followed by semi-quantitative methods for 
estimating cell adhesion like flow chambers and centrifugation assays. Recent advances 
in nano-technological tools have significantly contributed to understanding and 
quantifying these adhesion forces in more detail. The advent of techniques based on 
micropipettes, optical traps and atomic force microscopy (AFM) has now enabled us to 
measure very weak forces, which was previously not possible. This section gives a brief 
overview of the different methods for estimating intercellular adhesion forces. 
(a) Flow based methods: These methods are based on qualitative or semi quantitative 
estimation of the ability of cell adhesion to withstand shear forces. Simple washing[17, 
18], shearing through fine bored needles[19], flow chambers and hydrodynamic focusing 
using flow cytometer[20] represent some examples of these methods. In the case of 
simple washing, one of the cell types labeled with a dye or radioactive substance, are 
incubated with a monolayer of the second type of cells. Following washing, the number 
of adherent cells is either counted or estimated colorimetrically. In the other methods, the 
cells types of interest are incubated for a specified period of time and then passed through 
a narrow gauge needle or a flow cytometer at different pressures. In both cases, the 
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number of conjugated cells (cells adherent to one another) in the effluent provides a 
rough estimate of the adhesion force between cells. 
(b) Centrifugation methods: In these methods, the cell-cell adhesion complex is subjected 
to force due to centrifugation. McClay’s method and Coulter counter are examples of 
methods that use this principle to estimate cell adhesion forces. McClay’s method is 
similar to the washing method described above except that following incubation; the cells 
are centrifuged at different speeds. The centrifugal speed needed to separate 50% of 
adherent cells represents the index for estimating the intercellular adhesion force[21]. 
Alternatively, the Coulter counter is used to measure the number of single cells in 
suspension after a defined time period of rotation[22]. The decrease in the number of 
single cells in suspension with time is directly related to the strength of the cell adhesion 
forces. Coulter counter remains one of the most common methods currently used for 
qualitative estimation of intercellular adhesion. 
(c) Micropipette assays: The dual micropipette assay and the biomembrane force probe 
utilize micropipettes for estimating adhesion forces. The step pressure technique 
introduced by Sung et al was the first micropipette based technique for studying cell-cell 
adhesion[23]. Here, one cell (right) is held tightly by a pipette by application of a large 
pressure. A second cell (left) is then manipulated close to this by a second pipette using a 
smaller suction pressure. After a specified period of contact, the left pipette is withdrawn 
away. If the adhesion force is stronger than the applied pressure, the cell slips away. The 
pressure in the left pipette is then increased step wise till it is sufficient enough to pull the 
left cell away from the right one[24]. 
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(d) Optical trap method: The underlying principle of optical tweezers is the use of laser 
power to ‘trap’ cells or small beads attached to the cells. Prior calibration can give a 
correlation between laser power and the force that it produces. Using this knowledge, the 
adhesion forces needed to detach a cell from a substrate or another cell can then be 
computed[25]. 
(e) Magnetic bead method: In this method, cells are allowed to internalize small 
ferromagnetic beads. The internalized beads are subjected to a force using an externally 
applied magnetic field. The force on the beads is transmitted to the adherent cells and 
causes their separation. 
(f) Atomic force microscopy: Dynamic force spectroscopy or single molecule force 
spectroscopy (SMFS) is a special application of the atomic force microscope. It has been 
used extensively to study protein unfolding, protein-protein[26], protein-cell[27] and cell-
cell interactions[28]. There are two main advantages of SMFS over other currently 
available techniques. Firstly, the interactions can be studied under physiological 
conditions since the AFM allows the experiments to be performed on living cells. 
Secondly, the biophysical nature and adhesion kinetics of a given interaction can be 
probed at the level of single molecule. 
Though several groups have explored the adhesion kinetics of a number of adhesion 
proteins like e-cadherins and selectins; details of interaction kinetics of a large number of 
intercellular adhesion molecules remain unknown. One of the main goals of this project is 
to elucidate and understand the interaction kinetics of some of the proteins localizing at 
the adherens junctions and tight junctions. This would not only help us in understanding 
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the physiological functions of these proteins in more detail but also hopefully guide us in 
developing and testing better methods for drug delivery across epithelial monolayers. 
1.1.5 Cell adhesion proteins and mechanical stimuli  
It has been observed that the expression and distribution of several cell adhesion 
molecules can be significantly influenced by stimuli coming from the surroundings. 
These stimuli include biological molecules, chemicals, toxins and mechanical forces[29-
31]. Furthermore, different cell types respond in different ways to these stimuli. The 
influence of external stimuli, in particular mechanical stimuli, on endothelial cells lining 
blood vessels and epithelial cells lining the respiratory, gastrointestinal and urinary tract 
has been of intense research focus[30, 32-38]. This is due to its relevance to 
understanding normal physiological functions as well as the pathogenesis of several 
diseases. Endothelial cells are continuously subjected to mechanical strain with each 
heart beat, epithelial cells lining the alveoli in the lungs are stretched during inspiration, 
and epithelial cells lining the gastrointestinal tract and renal tract undergo mechanical 
strain during peristalsis. Cells have evolved over time to respond to these strains in a 
favorable manner. However, during the course of several diseases processes, the amount 
of mechanical strain on these cells can alter significantly leading to disruption of 
physiological functions. For example, alveolar epithelial cells can be subjected to 
excessive mechanical strains during artificial ventilation. Large pressures and strains can 
build up in the gastrointestinal and renal tracts when they get obstructed due to 
underlying pathology. It is only logical to assume that mechanical strains, both 
11 
 
physiological and pathological, would also significantly affect the intercellular adhesion 
complex and its functions. 
Few experiments have been carried out previously to study the effect of mechanical strain 
on expression and localization of cell adhesion proteins as well as tight junction integrity 
in endothelial cells and respiratory epithelial cells[30, 39]. However, studies of a similar 
nature have never been done on renal epithelial cells. To study the effect of mechanical 
strain on the proliferation rate of renal epithelial cells, tight junction integrity and to 
correlate it with changes in the expression and localization of tight junction proteins is 
another important focus of this project. 
1.2 Objectives and Scope of work 
Considering that little work as been done to understand the adhesion kinetics of several 
intercellular adhesion proteins and elucidating their role in shaping the response of cells 
to mechanical stimuli, the main objectives of this study are to: 
(a) Study the interaction kinetics of some of the proteins (nectin-1 and JAM-A in 
particular) localized at the adherens junction and tight junctions and correlate the 
kinetic parameters to their physiological functions. 
(b) Study the effect of mechanical strain on cell proliferation rate and correlate it to 
the expression of tight junction proteins (occludin, JAM-A, ZO-1 and ZO-2) in 
renal epithelial cells. 
It is expected that the results would provide us with a deeper understanding of the 
physiological functions of cell adhesion proteins and their role in regulating cellular 
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response to mechanical strain. To fulfill these objectives, the following experiments were 
carried out: 
(a) Molecular force spectroscopy using AFM to study the interaction kinetics 
between two representative proteins at the adherens junctions (nectin-1) and tight 
junctions (JAM-A). 
(b) Design and calibration of a cell stretching device that can apply uniform 
circumferential strain to epithelial monolayers. 
(c) Immunofluorescence staining, western blotting and confocal microscopy to study 
the effect of mechanical strain on cell proliferation rate and expression levels of 













2 Literature Review 
2.1 Structure, organization and functions of Adherens Junctions 
Adherens junctions are probably the most important component for stabilizing the 
epithelial intercellular adhesion complex[40]. Proteins localizing at adherens junctions 
are not only important for initiating cell adhesion but also in stabilizing it. The two most 
important proteins localizing at adherens junctions are nectins and E-cadherins[41]. 
While nectins have been shown to be important for initiating cell adhesion, E-cadherins 
are important for cementing and stabilizing the adhesion[41]. The adherens junction 
proteins are associated with several transcription factors and are also linked to the 
cytoskeleton via adaptor molecules[42]. Previous work suggests that a strong functional 
and physical relation exists between the E-cadherin and nectin mediated adhesion 
systems[43]. Though the functional association between the two adhesion systems is well 
established, the physical association is not well understood till now. 
2.1.1 E-cadherins 
E-cadherins belong to the cadherin superfamily of proteins that contains >80 related 
proteins. They are amongst one of the oldest groups of cell adhesion molecules to have 
been discovered. The adhesion mediated by these proteins is characteristically dependent 
on the presence of Ca2+ ions[44]. 
Structurally, E-cadherin has been shown to have five extracellular domains, a short 
transmembrane region and a cytoplasmic tail (Fig. 2.1) [45]. The cytoplasmic tail 
interacts with β-catenin which interacts with α-catenin. α-catenin in turn links it to the 
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actin cytoskeleton[46]. There are pockets in between the extracellular domains for the 
binding of Ca2+ ions. The presence of Ca2+ is essential for the E-cadherin molecules to 
attain a conformation that is optimal for interacting with E-cadherin molecules from the 
neighboring cells[47]. 
The cell adhesion activity of E-cadherins is well established at the cellular level. L-cells 
transfected with E-cadherins have been shown to aggregate into clumps. It has also been 
shown that this adhesion is abolished by chelating Ca2+ from the medium[48]. 
Furthermore, micropipette based studies on E-cadherin transfected L-cells have also 
enabled us to quantify these adhesion forces[44]. 
 
Figure 2.1 Schematic depiction of the adherens junctions. Extracellular domains of 
cadherins and nectins of adjacent cells interact with each other to form the junction. On 




Nectins belong to the immunoglobulin (Ig) superfamily of proteins and are characterized 
by their Ca2+ independent adhesion activity. They were first discovered as Polio virus 
Receptor Related (PRR) proteins[50-52]. However, later they were found to act as a 
receptor for infection by herpes group of viruses and not by polio virus[53]. Their role as 
an important and separate intercellular adhesion system from the E-cadherins has only 
recently been established[54]. 
Four different types of nectins have been discovered to date: Nectin-1, -2, -3, and -4. 
Nectins are highly conserved from humans to rodents[41]. Structurally, nectins contain 
three extracellular immunoglobulin-like loops, a short transmembrane region and a 
cytoplasmic tail (Fig. 2.1). The cytoplasmic tail contains a conserved Glu/Ala-X-Tyr-Val 
motif in most nectins. This motif binds the PDZ domain containing protein afadin. 
Afadin is the cytoplasmic adaptor molecule that links the cytoplasmic tail of nectins to 
the actin cytoskeleton. Nectins are ubiquitously expressed in several different cell types 
like fibroblasts, epithelial cells, B-cells, monocytes and neurons[41]. 
All nectins undergo homophilic cis-dimerization followed by homophilic trans-
dimerization. Though heterophilic trans-dimerization has been observed for some nectin 
pairs e.g. nectin-1/nectin-3 and nectin-2/nectin-3, however, heterophilic cis-dimerization 
has not been observed. Studies using point and truncated mutants have shown that cis-
dimerization is essential for trans-dimerization but not vice versa. It has also been shown 
that the first Ig loop is necessary for trans-dimerization while the second Ig loops is 
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essential for cis-dimerization. Furthermore, association of the cytoplasmic tail of nectin 
with afadin is not necessary for either cis- or trans- interactions between nectins.  
Micropipette and centrifugation based assays have shown that transfection of nectins into 
L-fibroblasts causes an increase in adhesion force[55]. It has also been shown that the 
adhesion force imparted by nectins is much lower than that mediated by E-cadherins. 
Studies on L-cells stably transfected with E-cadherin and nectins show that nectin-1 or 
nectin-2 can recruit E-cadherin to the nectin based adhesion sites[56]. Also, over 
expression of nectins in L-cells has shown to increase the rate of formation of adherens 
junctions[57].  
2.2 Structure, organization and functions of Tight Junctions 
Tight junctions (TJs) are group of transmembrane proteins and their corresponding 
cytoplasmic adaptor molecules that form the most apical component of the intercellular 
adhesion complex[4]. The transmembrane proteins from adjacent cells come in contact 
with one another to form an apical belt that regulates not only paracellular diffusion of 
solutes but also maintains the polarity of epithelial cells by preventing some of the 
proteins in the apical membrane from diffusing into the basal membrane. These two 
functions of TJs are referred to as the ‘gate’ function and ‘fence’ function 
respectively[58]. 
2.2.1 Occludin and Claudins 
Occludin and claudins are proteins that traverse the cell membrane four times forming 
two extra-cellular loops (Fig. 2.2)[59, 60]. The extracellular loops of these 
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transmembrane proteins on adjacent cells come into contact with each other forming the 
actual paracellular diffusion barrier. 
 
Figure 2.2  Schematic depiction of the tight junctions. Claudins and occludin possess two 
extracellular loops and four transmembrane segments. The extracellular loops from 
adjacent cells come together to form channels for solute diffusion. JAMs possess two 
extracellular immunoglobulin-like loops that undergo trans-interactions. 
(http://www.nastech.com). 
 
On the other hand, the cytoplasmic tail interacts with adaptor, regulatory and 
transcription factors that link the transmembrane proteins to the actin cytoskeleton and 
are also important in the bidirectional signal transduction between the tight junctions and 
cell interior[61]. Occludin was the first discovered transmembrane TJ protein and was 
isolated from chick livers. As it could only be extracted using detergent, this suggested 
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that it was an integral membrane protein. Cloning and sequencing studies revealed that 
the protein was 504 amino acids long with molecular weight of 55.9kD[59]. The first and 
second extra-cellular loop and its C-terminal are considered to be extremely important for 
occludin mediated cell adhesion and localization, respectively[62, 63]. The C-terminal is 
linked to the actin cytoskeleton by ZO family of proteins. Occludin has quantitatively 
been well associated with barrier properties of tissues. Tissues that are less permeable 
have shown to have higher content of occludin as compared to more permeable 
tissues[64, 65]. In spite of this correlation, occludin expression is neither sufficient nor 
necessary for the formation of intact TJ strands or paracellular barrier function. 
Formation of TJ strands in occludin-deficient mice has led to the discovery of 
claudins[60, 66]. Also first discovered in chick livers, there are now about 24 types of 
claudins constituting the claudin gene family in mammals. In spite of having four 
transmembrane domains like occludin, they share no sequence similarity. These proteins 
have a molecular weight in the range of ~25kD. All claudins have been shown to have a 
C-terminal YV (except claudin-16, which has a type I TRV) PDZ-binding motif that is 
important for the interaction with the PDZ domain of the “cytoplasmic plaque” proteins 
like ZO group of proteins. Claudins associate laterally with each other to form the strands 
even in the absence of Ca2+[48]. These associations can be homo- or heterogenic, but in 
the case of heterogenic interactions, only certain combinations are possible[67]. 
2.2.2 Junctional Adhesion Molecules (JAM) 
JAM belongs to the immunoglobulin superfamily and in contrast to claudins and 
occludin, only spans the membrane once[68]. Apart from endothelial cells and epithelial 
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cells, JAM family members are expressed on leukocytes and platelets[69, 70]. JAMs 
belong to the immunoglobulin (Ig) superfamily and are implicated in tight junction 
formation[71], monocyte transmigration[68], platelet activation[70], angiogenesis[72, 
73], and attachment of mammalian reovirus[8]. The JAM family includes JAM-A, JAM-
B, JAM-C, JAM-4, and JAML proteins. 
Structurally, all JAM proteins contain an N-terminal signal peptide, an extracellular 
region composed of two Ig-like domains (a membrane-distal, N-terminal D1 domain and 
a membrane-proximal, C-terminal D2 domain), a single membrane-spanning domain and 
a short cytoplasmic tail (Fig. 2.2)[74]. The cytoplasmic tail interacts with PDZ domain-
containing scaffolding proteins including ZO-1, while the D1 domain interacts with the 
D1 domain of an opposing JAM-A molecule to form physiologically relevant 
homodimers[74, 75].  
JAM-A was first discovered as an antigen on platelets for the F11 monoclonal antibody; 
engagement of platelets by F11 mediates granule release, fibrinogen binding, and 
aggregation[76]. JAM-A was subsequently found to localize at regions of intercellular 
contact in epithelial and endothelial cell tight junctions. While JAM-A is capable of 
undergoing only homophilic interactions within the JAM family, JAM-B and JAM-C are 
capable of both homophilic and heterophilic interactions with each other. Support for 
JAM-A-mediated homophilic adhesion comes from the observation that transfected CHO 
cells show localization of JAM-A to regions of cell-cell contact formed between 
transfected cells[77]. It has previously been shown that JAM-A plays an important role in 
regulating tight junction permeability in epithelial monolayers. Furthermore, a 
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monoclonal antibody J10.4 that binds to the dimer forming interface of JAM-A, has been 
shown to significantly delay the recovery of the tight junction barrier formation[71, 78]. 
On the other hand, inhibition of monocyte transmigration by monoclonal antibody 
BV11which binds JAM-A dimers, strongly suggested that JAM-A mediated interactions 
between monocytes and endothelial cells are important for transmigration[68]. However, 
recent experiments have demonstrated that only endothelial JAM-A is necessary for 
leukocyte transmigration[79]. Since, JAM-A can undergo heterophilic interaction with 
leukocyte function associated antigen-1 (LFA-1, αLβ2 integrin) expressed on neutrophils 
and T-lymphocytes, this means that a complex interaction of heterophilic and homophilic 
interactions mediated by JAM-A could be involved in leukocyte transmigration[80].  
2.3 Single Molecule force spectroscopy using AFM 
Atomic force microscope (AFM) belongs to a family of devices commonly referred to as 
Scanning Probe Microscopes (SPM). Scanning tunneling microscope (STM) was the first 
SPM to be invented and was able to image conducting as well as semi conductor surfaces 
with atomic resolution. The ability of AFM to operate in fluid environment has 
revolutionized high resolution imaging of biological samples like cells and tissues.  
2.3.1 Working principle and applications of AFM 
The first AFM built by Binnig et al consisted of a highly flexible cantilever with a sharp 
tip whose deflections during scanning of a substrate were monitored using an STM. The 
cantilever was made up of a thin foil of gold while the tip was made from diamond (Fig. 
2.3)[81]. The newer AFMs, however, use the “optical lever” method instead of an STM 
to detect the deflections of the cantilever. The optical lever method consists of a laser 
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reflecting from the surface of the cantilever onto a split photodiode (Fig. 2.4). A 
piezoelectric scanner allows the relative distance between the tip and the surface to be 
controlled with nanometer resolution[82]. The deflections of the cantilever, as it scans the 
surface of interest, cause a change in the position of the reflected laser on the photodiode. 
A change in position of the laser spot causes a change in the relative current signal from 
the different segments of the photodiode. 
 
Figure 2.3 Schematic depiction of the first Atomic Force Microscope constructed based 
on the scanning tunneling microscope[81]. 
 
 For example, for a photodiode containing two segments that give signals X and Y 
respectively, the net signal measured is given by (X-Y)/(X+Y)(Fig. 2.5)[45]. When the 
cantilever shows no deflection, the signal from both the segments is equal causing them 
to cancel out. When the cantilever shows no deflection, the signal from both the segments 
is equal causing them to cancel out. When the cantilever deflects, the signal from one of 
the segments is more than the other depending on which direction the cantilever deflects. 
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Since the photodiode essentially measures a change in the signal (voltage or current) due 
to the laser spot, it become necessary to calibrate the change in the signal for a given 
amount of deflection of the cantilever. This calibration is done by allowing the cantilever 
to press against a hard substrate mounted on a piezoelectric scanner and the constant is 
referred to as the deflection sensitivity of the cantilever (explained in detail in chapter 3). 
 
Figure 2.4 Schematic depiction of the components and working principle of modern 
AFM[24]. 
 
The deflection sensitivity of the cantilever is usually measured in mV/nm. Typically, soft 
cantilevers have high deflection sensitivity while stiff cantilevers show low deflection 
sensitivity. Data obtained from the movement of the piezoelectric scanner and the 
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cantilever deflection is used for reconstructing the topography of the scanned surface 
with high resolution.  
The principle application of AFM in biology, for a long time, has been for imaging 
sample surfaces. High resolution imaging of biological surfaces using AFM, unlike 
scanning electron microscopy, has the distinct advantage that it can be carried out in 
fluid. Also sample preparation techniques are relatively simpler for imaging using AFM. 
Finally, AFM is capable of imaging live cells and allows us to monitor the dynamic 








Figure 2.5 Schematic depiction of the principle of split photodiode and optical lever 
technique used in modern AFM. 
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Recently, AFM has emerged as a powerful tool for studying molecular interactions at the 
level of single molecule. In this mode of application of AFM, also called single molecular 
force spectroscopy or dynamic force spectroscopy, a protein or cell of interest is coupled 
to the cantilever tip using different strategies[83-85]. The cantilever is then made to 
approach a surface containing the other interacting protein or cell. After allowing contact 
for a defined time period at a defined contact force, the cantilever is made to retract at a 
predefined velocity. During the retraction process, bonds formed between the proteins or 
cells rupture. The changes in the characteristics of bond rupture events over a spectrum of 
applied loading rates are analyzed to extract the kinetic nature of the interaction under 
investigation[10]. 
2.3.2 Methods for functionalizing AFM tips 
As mentioned in the previous section, single molecule force spectroscopy is a specialized 
application of the AFM in which the cantilevers are cross linked with proteins, molecules 
or even cells to study their interactions with ligands of interest. Such studies not only 
provide us with a wealth of information regarding the biophysical nature of different 
types of molecular interactions, but also give an insight into how these properties 
correlate to the physiological functions mediated by them.  
One of the most important issues that needs to be addressed in SMFS experiments is the 
efficient and proper coupling (also called functionalization) of the molecule or cell of 
interest to the cantilever. A number of strategies have been developed for functionalizing 
cantilevers. However, there are several basic guidelines that have to be followed to assess 
the suitability of a given functionalization procedure[86]. First and foremost, the binding 
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strength of the molecule/protein to the cantilever should be much larger than that of the 
interactions being probed. Hence, it is preferable to covalently link the molecules to the 
cantilevers whenever possible. Other strong linkages like biotin/avidin and 
antigen/antibody interactions could also be used[83]. Secondly, the molecule or protein 
should have sufficient mobility following the linking procedure that will increase the 
probability of the interacting domains to come in contact with one another. For this 
purpose, several long flexible linkers or spacers are used. The linkers can be 
homobifunctional or heterobifunctional having reactive chemical groups on their ends for 
cross linking with proteins. One of the most commonly used spacer is PEG (polyethylene 
glycol) linker, the length of which can vary from 10nm to 30nm. Another common 
strategy employed to maintain proper orientation of proteins cross linked to cantilevers is 
to use fusion proteins. This would ensure that there is no interference for the functional 
domains to interact with one another. Proteins are expressed as fusion chimera with Fc 
fragment of human immunoglobulin[83], GST (glutathione-S-transferase)[87], histidine 
tag[88] or biotin. Thirdly, non-specific adsorption to the cantilevers should be minimized 
as much as possible. To prevent such non-specific protein adsorption, cantilevers are 
usually blocked in bovine serum albumin (BSA) prior to experiments. Finally, the 
concentration of the protein molecules on the cantilever and the substrate has to be 
optimal. This optimization is necessary because excessive protein can promote formation 
of multiple bonds (which can lead to incorrect characterization of the biophysical 
characteristics of a particular interaction) while a very low concentration can provide 
insufficient data. In view of the above requirements, surface modification of cantilevers 
using gold or silanizing agents have evolved as the major procedures for 
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functionalization. In the first method, advantage is taken of the strong chemisorption of 
thiols onto gold surfaces. In the second method, silanizing agents are used to introduce 
free amino groups onto the cantilever surface which can then be further cross linked 
using different strategies. 
In the gold–thiol based functionalization method, the first step is to coat the cantilever 
with a thin layer (20-30 nm thick) of gold. This is usually achieved by thermal 
evaporation of an adhesive layer of chromium or titanium followed by deposition of gold. 
The gold surface can in turn bind to molecules containing thiol or sulfhydryl (-SH) 
groups with a strong affinity[89]. Thiol groups can be easily generated in protein 
molecules containing cysteine residues by cleaving them with suitable chemical reagents 
e.g. mercaptoethylamine hydrochloride (Fig. 2.6c). This method is highly suitable for 
coupling antibodies because of the presence of several disulfide linkages in 
antibodies[90]. Alternatively, N-Succinimidyl-S-acetylthiopropionate (SATP) can be 
used to generate protected thiol groups on proteins of interest. One end of SATP binds to 
free primary amines on the protein. The protected thiol groups on the other end can be 
made reactive by treatment with hydroxylamine[91]. The reactive thiol groups can 
crosslink with other thiol containing molecules (PEG linker or cleaved antibodies) to 
form a strong disulfide linkage. Furthermore, heterobifunctional flexible polymer linkers 
containing free thiol groups on one end and another functional group (carboxylic acid, 
amino or nickel-nitrilotriacetate) on the other can be used as spacers for attaching the 
molecule of interest. While carboxylic acid and amino terminating functional groups can 
be cross linked to free amino and carboxylic acid groups on the protein of interest using 
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EDC/NHS cross linker (Fig. 2.6b), nickel-nitrilotriacetate (Fig. 2.6a),  can be used to bind 
to free histidine tags on proteins[88]. 
In the silanization based functionalization methods, free amino groups are first introduced 
on the silicone nitride cantilever surface directly by either vapor phase or liquid phase 
deposition of silanes. One of the most commonly used silanizing agent is APTES (3-
aminopropyl triethoxysilane). For vapor phase deposition, cantilevers are kept in a 
dessicator along with triethanolamine for 2 hours[90]. For liquid phase deposition, 
cantilevers are immersed in a solution of APTES in acetone[84]. In either case, the free 
amino groups (-NH2) introduced on the cantilever surface can then be cross linked to the 
free carboxylic acid groups or amino groups(Fig. 2.7a&b) present on the protein or on 


















(a)        (b)         (c) 
Figure 2.6 Schematic of AFM tip functionalizing using thiol based methods (a) proteins 
expressed with a histidine tag have a strong affinity to nickel nitrilotriacetate (b) amine 
groups in proteins can be cross linked to the free carboxylic acid group of the linker using 
EDC (c) thiol groups generated on the protein of interest can react with the thiol groups 
present on the spacer to form disulfide bonds. 
 
Strategies for functionalizing cantilevers to attach live cells generally make use of the 
strong affinity of lectins to sugar residues on cell membranes. Since these sugar residues 
e.g. mannose are present on almost all cells, the functionalization method can be applied 
to attach practically any cell type. Two of the commonly used lectins are Concanavalin-A 




















             (a)       (b) 
Figure 2.7 Schematic of AFM tip functionalization using silanizing agents (a) free amine 
groups on the tips can be cross linked to free primary amine groups on the protein of 
interest by homobifunctional cross linker like BS3 (b) free amine groups on the lysine 
residues present on the antibody to Fc fragment of human Ig can be cross linked to the 
free amine groups on the AFM tip using BS3 following which a fusion chimera of the 
protein of interest with human Fc fragment can be linked. 
 
2.3.3 Bell-Evans Model for extracting kinetic parameters in SMFS 
Single molecular force spectroscopy attempts to study the behavior of a molecular 
interaction under an externally acting load. The observed characteristics of the bond over 
a spectrum of applied loading rates can be used to calculate the unstressed off rate as well 
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as to reconstruct the energy landscape of the dissociation[94]. Theoretical analysis of the 
effect of an externally acting force on a given molecular bond was first proposed by Bell 
in 1978[95]. According to the model proposed by Bell, the dissociation rate of a 
molecular bond increases as an exponential function of the applied external force. This 







Where k (f) is dissociation rate of the molecular interaction under an externally acting 
force F, koff is unstressed off rate of the interaction, xβ is potential width of the energy 
barrier, kB is Boltzmann constant and T is temperature.  
Evans and Ritchie extended the model by using Kramer’s theory for bond dissociation in 
liquids to show that the probability of a bond to rupture under an externally acting force 

























= ββ . 
Where F* is the most probable rupture force and  
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F  is the loading rate. The maximum of 
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 Equation 2.4 is most commonly used to extract the kinetic parameters in single molecule 
force spectroscopy experiments and is called the Bell-Evans model. It predicts a linear 
correlation between the most probable rupture force and the logarithm of the 
corresponding loading rate. Hence, while the slope of the fitted line can be used to 
calculate xβ or the width of the energy barrier, the extrapolation of the fit to zero force 
can be used to extract the dissociation or unstressed off rate. Since both the loading rate 
and magnitude of rupture force can be obtained from the force-displacement curves, Bell-
Evans model can be used to extract the unstressed off rate (kooff) and reactive compliance 
(xβ) for the interacting molecules.  
2.3.4 Data acquisition in SMFS 
Data acquisition in SMFS consists of monitoring repeated cycles of approach and retrace 
between a functionalized cantilever and substrate. The basic data unit in SMFS is called a 
force displacement curve or F-D curve[10, 16]. Each F-D curve represents a single cycle 
of approach and retraction. A single force displacement curve is obtained by tracking the 
deflections of the cantilever (force) and movement of the piezoelectric scanner 
(displacement) when they approach each other and then retract away.  
An F-D curve consists of an approach curve and a retrace curve (red and blue colored 
respectively, Fig. 2.8). When the cantilever is approaching the substrate but is still far 
from it, there is no force induced or acting on the cantilever. In this case, the approach 
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curve is horizontal and represents the baseline for calculating forces acting on the 
cantilever (‘approach’ in Fig. 2.8). Fluctuations observed in the baseline represent the 
thermal vibrations of the cantilever. On coming in contact with the substrate, an upward 
force acts on the cantilever causing it to deflect. The deflection of the cantilever leads to a 
sharp rise in the approach curve. Once a specified contact force is reached, the cantilever 
stays in contact with the substrate for a predefined contact time and the cantilever then 
starts to retract away from the substrate. In the initial part of the retraction, the deflection 
of the cantilever starts to decrease till it becomes zero. If no bonds are formed between 
the cantilever and the substrate, the retract curve superimposes on the trace curve and the 
cycle is repeated. However, when a bond is formed between the cantilever and the 
substrate, the downward force acting on the cantilever due to the bond deflects the 
cantilever in the opposite direction. This is observed as a negative deflection (with 
respect to the baseline trace curve) in the retract curve. As the cantilever moves further 
away from the substrate, the bond initially is stretched and finally snaps restoring the 
cantilever to its normal undeflected state. The breaking of the bond is observed as a sharp 
jump in the retract curve. While the bond rupture events in the retract curve can be used 
to analyze the biophysical characteristics of the interactions between ligands receptor 
pairs on the cantilever and substrate, the trace curve can be used to extract the material 
properties of the substrate (e.g. stiffness). There are three important parameters that need 
to be controlled for obtaining proper F-D curves for analysis in SMFS. These are the 
contact force, contact duration and retraction velocity. The contact force and contact time 
critically determine the frequency of observed bond rupture events. A large contact force 
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and a long duration of contact can significantly increase the number of observed bond 
rupture events. 






Figure 2.8 A typical force displacement curve showing a single bond rupture event[10]. 
 
However, a high frequency of bond rupture events is usually associated with multiple 
bond formation[96]. Low contact force and contact duration is hence necessary to 
increase the probability of forming single bonds[85]. The lowest force that can be applied 
is limited by the stiffness of the cantilever and the minimum distance that the scanner can 
move. Very low forces can lead to significant distortion of the F-D curves. Hence, the 
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contact force and contact time need to be optimized in such a way that the frequency of 
single bond formation is enhanced but the quality of the F-D curves is not compromised. 
The optimization of the contact force and contact time is a trial and error process. The 
two parameters are empirically changed till the observed bond rupture frequency is 
<30%. Based on Poisson’s statistics, the probability of a bond rupture being due to a 
single bond is >85% when the observed bond rupture frequency is <30%[93]. 
The retraction velocity of the cantilever, unlike the contact force and contact duration, 
affects the loading rate on the bond. The loading rate on the bond is defined as the rate at 
which force is applied to the interacting molecules and is measured in pN/sec.  The 
loading or pulling rate on a given molecular interaction is determined by the inherent 
‘stiffness’ of the whole ligand-receptor-cantilever complex and the retraction velocity. As 
the stiffness of the cantilevers (~10 pN/nm) used is, in general, significantly higher than 
that of the interacting molecules (~0.3pN/nm) the effective stiffness of the whole ligand-
receptor-cantilever complex is dominated by the inherent natural stiffness of the involved 
molecules. For a given pair of ligand and receptor, the stiffness of the molecules cannot 
be controlled; so the only way to apply different loading rates to the interaction complex 
is by varying the retraction velocity of the cantilever. Since the loading rate applied to a 
bond is directly proportional to the retraction velocity of the cantilever, the variation of 
bond rupture forces over a spectrum of applied loading rates is essentially obtained by 
analyzing F-D curves at different retraction velocities of the cantilever. This also means 
that the spectrum of loading rates that a bond can be subjected to is limited by the 
minimum and maximum velocities that the piezoelectric scanner can achieve. 
Furthermore, high retraction velocities of the cantilever can cause significant 
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hydrodynamic drag that can affect the measured parameters. Also, as the strength of a 
given molecular interaction under a given loading rate is a distribution, it is necessary to 
obtain a large number of F-D curves at each retraction velocity for analysis. Typically, 
over a few hundred curves are analyzed for each retraction velocity. The retraction 
velocity is varied at least over one order of magnitude to probe a sufficiently large 










Figure 2.9 Schematic depiction of cantilever-linker-receptor-ligand-cell complex as 
springs arranged in series. The effective spring constant of the whole complex determines 
the loading rate acting on the interacting molecules. Here kcantilever, klinker and kcell 
represent the stiffness of the cantilever, molecular linkers and the cell respectively. 
 
2.3.5 Data analysis in SMFS 
As mentioned in the previous section, to use the Bell-Evans model for extracting the 
kinetic parameters of two interacting molecules requires the magnitude of rupture force 
of the bond and the corresponding loading rate as input observations. Obtaining the 
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rupture force magnitude from an F-D curve is straight forward as it is the maximum 
deflection of the cantilever from the baseline prior to the rupture event. Previously, it was 
customary to multiply the velocity of the cantilever with the spring constant of the 
cantilever for computing the loading rate on the bond[26]. Loading rate computed in such 
a manner, also called the nominal loading rate, was extensively used in early SMFS 
experiments. In these experiments, it was assumed that for a given retraction velocity, the 
nominal loading rate remained constant. However, it soon became clear that the nominal 
loading rate did not reflect the actual loading rate on the bond. This was to be expected 
because the spring constant of the cantilever used in experiments is usually much larger 
than that of the spring constant of the interacting molecules. If we consider that the 
cantilever-linker-ligand-receptor-cell complex as a set of springs connected in series, the 
effective spring constant of the whole system is determined by the softest spring (Fig. 
2.9). Since proteins and polymeric linkers are in general much less stiffer than the 
cantilever and the cell, the net stiffness of the whole system is closer to that of the linkers 
rather than that of the cantilever. Furthermore, the stiffness of the involved molecular 
linkers is unknown and also varies randomly from one F-D curve to another (even when 
obtained at similar pulling velocity). This variation in stiffness of the linkers and 
interacting molecules can arise from several factors such as [97]: 
(a) fluctuations in the local environment surrounding the interacting molecules due to 
movement of ions and water molecules 
(b) different orientations of the interacting molecules with respect to the direction of 
pull by the cantilever, and  
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(c) fluctuations within the molecule itself leading to subtle changes in the 
conformation of the molecules or the manner in which the molecules interact.  
To overcome this difficulty, the concept of apparent loading rate was introduced. The 
apparent loading rate is derived separately for each F-D curve showing a rupture event 
and is calculated as the product of the slope of the linear portion of the retrace curve just 
before a rupture event and the retraction velocity of the cantilever[27]. This is because 
the initial non-linear extension observed before the rupture event reflects the unfolding of 
the linkers and interacting molecules. The linear extension just before the actual rupture 
event represents an elastic stretch of the interacting molecules and represents the effective 
spring constant (keff, dashed line Fig. 2.8) of the system at that particular instant. Hence, 









Here, rf is the apparent loading rate; keff is the effective spring constant of the cantilever-
receptor-ligand complex and v is the retraction velocity of the cantilever. 
F-D curves obtained at different retraction velocities are analyzed for rupture events in 
the retrace curve. For each F-D curve showing a single clear rupture event, the magnitude 
of rupture force (f) and the apparent loading rate (rf) are extracted. After calculating the 
loading rate and the magnitude of rupture from the force curves, there are two methods 
by which they can be fit to the Bell-Evans model:  
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(a) In the velocity based method, the most probable loading rate and the most probable 
rupture force for all force-displacement curves obtained at a particular retraction velocity 
is computed. The most probable rupture force is then plotted against the logarithm of the 
corresponding most probable loading rate[98].  
(b) In the binning based method, each force displacement curve yields a single value for 
rupture force and loading rate. The rupture force is plotted against the logarithm of the 
corresponding loading rate for all the force curves obtained at different velocities. The 
data points are then grouped into different loading rate bins and the average rupture force 
for each bin is calculated[84]. When the binning method is used, the average force rather 
than most probable rupture force is being computed. It can be shown from Eq. 2.2 that 

















Here,  ( ) ( ) dtttzE
z
i ∫∞ − −= exp1  represents the exponential integral. 
In either case, once the loading rate vs. rupture force data points are plotted, they can be 
fit using Eq. 2.4 or Eq. 2.6. While the slope of the curve fit can be used to calculate the 
reactive compliance (xβ), extrapolation of the fit to zero force can be used  to obtain the 
unstressed off rate (kooff). The unstressed off rate, in turn, provides an insight into the 
kinetic stability of the bond. A low kooff is usually associated with protein interactions 
which are typically very stable (e.g. antigen–antibody interactions) while a large kooff is 
usually associated with protein interactions which are highly dynamic (e.g. claudins). In 
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some cases, protein interactions tend to show multiple values for kooff corresponding to 
different binding architecture or multiple energy barriers (e.g. E-cadherins, ICAM-
1/LFA-1). 
2.3.6 Determination of the cantilever spring constant 
As the spring constant of the cantilever bears a direct correlation to the accuracy with 
which the bond rupture force is measured, it is very important to determine the spring 
constant of the cantilever as accurately as possible. Several methods have been devised to 
determine the spring constant of the cantilever[82]. 
(a) The spring constant can be derived directly from the geometrical features of the 
cantilever. For a triangular cantilever (whose length is L, width is w, opening angle is α 
and E is the elastic modulus) the spring constant kc, is given by[99]: 
















The main drawback of this method is that it is very difficult to precisely measure the 
geometrical features. Since the geometrical features of cantilevers are not perfectly 
homogenous, small errors in measurement can lead to a large difference in the spring 
constant. 
(b) Cleveland et al proposed a method in which a known mass is suspended from the 
cantilever and the change in its resonance frequency is determined[100]. The spring 














= π  
Here, k is the spring constant, m is the mass added to the cantilever, v0 is the resonant 
frequency before addition of the mass and v’0 is the resonant frequency after addition of 
the mass. 
(c) The thermal tune method proposed by Hutter et al is the most widely used method for 
determining the spring constant[101]. In this method, the thermal fluctuations of the 
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Here, k is the spring constant of the cantilever, <∆Z2> is the mean square deflections of 
the cantilever and T is the temperature. Most commercial AFMs have an in built thermal 
tune module that implements this method for calculating the spring constant of the 
cantilever. 
2.3.7 SMFS of cell adhesion molecules 
Single molecule force spectroscopy has previously been applied to study the interaction 
kinetics of several cell adhesion molecules(Table 2.1)[10]. Some of the first studies were 
performed on the cell adhesion molecules expressed on leucocytes. P-selectin/PSGL-1, 
VCAM-1/α4β1 and ICAM-1/αLβ2 are some of the important molecular pairs that mediate 
adhesion between leukocytes and endothelial cells. These cell adhesion molecules play an 
important role in the process of inflammation where leukocytes moving in the blood are 
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trapped by adhesion molecules expressed by the endothelial cells. Another cell adhesion 
molecule that has been extensively investigated using SMFS is E-cadherin that mediates 
intercellular adhesion in epithelial monolayers. The SMFS experiments on these cell 
adhesion molecules provide a deep insight into the physiological functions of these 
molecules. For example, it was observed that while P-selectin/PSGL-1 and VCAM-
1/α4β1 interactions show a large amplification in rupture force at high loading rates, 
ICAM-1/αLβ2 and E-cadherin/E-cadherin interactions show significant strength even at 
low loading rates. 
Table 2.1 Overview of adhesion kinetics of different cell adhesion molecules probed 
using SMFS experiments. 
 
Molecular   
pairs 






E-cadherin E-cadherin        ~1.0* 













Type I collagen α2β1 integrin 
expressing CHO 
cell 














ICAM-1 Leukocyte 4.0  and 57**§ 








*Corresponds to different binding configurations 
**Correspond to two different energy barriers 




Considering that P-selectin/PSGL-1 and VCAM-1/ α4β1 play an important role in 
trapping a fast moving leukocyte in the blood, it is necessary that they exhibit strong 
interaction strength when subjected to very high loading rates.  
 
 
Figure 2.10 Relation between bond strength and loading rate on interactions mediated by 
(a) Transient connectors like P-selectin/PSGL-1 interactions and (b) Persistent connectors 
mediated by ICAM-1/ αLβ2 interactions[104]. 
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On the other hand, once the leukocytes have been trapped, it is necessary that while they 
remain adherent to the endothelial cells, they should also have the flexibility to roll and 
crawl on the endothelium. This requires that the bonds formed are stable under low 
loading rates. ICAM-1/αLβ2 adhesion provides such a stable interaction for the leukocytes 
to adhere to the endothelial cells. These two types of interaction patterns have been 
broadly categorized as transient connectors and persistent connectors (Fig. 2.10). 
Furthermore, P-selectin/PSGL-1 interaction shows a characteristic transition to a ‘catch 
bond’ behavior at higher loading rates. This means that the interaction shows almost no 
strength at very low loading rates but when it is loaded fast enough; the bond can resist a 
large magnitude of force acting on it. These experiments show how the adhesion kinetics 
of cell adhesion molecules probed using SMFS can provide a better insight into the 
physiological functions that they mediate. Despite extensive investigation of E-cadherin 
mediated interactions and interactions mediated by leukocyte adhesion molecules using 
SMFS, many important intercellular adhesion molecules are yet to be probed. As 
mentioned before, one of the main objectives of this dissertation is to understand the 
adhesion kinetics of some of the important intercellular adhesion molecules expressed by 
epithelial cells.  
2.4 Diseases associated with changes in intercellular adhesion molecules 
The primary reason for studying cell adhesion proteins and their interactions is not only 
due to their importance in physiological functions but also due to the role that these 
proteins play in several disease processes[10]. This section elaborates on the association 
of some of the cell adhesion molecules with different disease processes. 
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(a) Tight Junctions: Qualitative and quantitative changes in tight junction proteins are 
associated with diseases involving almost all organ systems of the body (Table 2.2)[16]. 
For example, mutations of claudins are associated with several diseases like familial 
hypomagnesaemia, hypercalciuria syndrome and hereditary deafness. While JAM-A has 
been found to act as a receptor for reoviruses, claudins have been recently found to act as 
co-receptors for HCV virus. Altered expression of tight junction proteins is also 
associated with several carcinomas making them potential candidates for new tumor 
markers. 
(b) Adherens junction proteins: Altered expression and mutations of E-cadherin and 
nectin are also associated with several diseases (Table 2.3)[105]. While mutations in 
nectins have been shown to be associated with infertility, cleft lip and cleft palate; altered 
expression of E-cadherins has been shown to be associated with several carcinomas. 
Nectins have also been shown to act as a receptor for herpes group of viruses. 
Table 2.2 List of diseases in various organ systems involving qualitative and/or 
quantitative changes in tight junction proteins[16]. 
 
Organ system                                    Associated human diseases 
Central Nervous System Multiple sclerosis, Alzheimer’s disease, HIV 
encephalitis and dementia, auto immune encephalitis, 
astrocytomas and glioblastoma multiforme, 
hyperthermia , Duchene’s muscular dystrophy, 
hypoxia. 
Gastro-Intestinal System Diarrhea induced by various bacterial toxins, 
inflammatory bowel diseases, colitis, Celiac disease, 




Cholestasis associated with common bile duct 
ligation, primary biliary cirrhosis and primary 




Respiratory system Asthma, shock lungs, interstitial lung disease, 
ventilator induced lung injury. 
Renal System Familial hypomagnesaemia and hypercalciuria, 
pseudo-hypoaldosteronism. 
Carcinomas Hepatocellular carcinoma, endometrial carcinoma, GI 
tract carcinomas, pancreatic carcinoma, oral 
carcinomas, breast carcinoma 
Other diseases Autosomal recessive hearing loss, diabetic 
retinopathy, uveitis. 
 
Table 2.3 List of diseases associated with altered expression and/or mutations in adherens 
junction proteins[105]. 
 
Protein type                                                   Associated human diseases 
Nectin-1 Receptor for herpes virus entry, mutation in Zlotogora-Ogur 
syndrome, microphthalmia in knockout mice. 
Nectin-2 Receptor for herpes virus entry, male specific infertility in knockout 
mice. 
Nectin-3 Receptor for herpes virus entry, male specific infertility and 
microphthalmia in knockout mice. 
Nectin-4 Over expressed in breast carcinoma. 
E-cadherin Endometrial, gastric and breast carcinomas. 
 
(c) Desmosomes: Mutations in desmosomes are typically associated with several diseases 
of the skin and in some cases heart, emphasizing their importance in maintaining the 











                  Associated human diseases 
Desmogelin-1 Pemphigus foliaceus, pemphigus vulgaris, Staphylococcal 
scalding skin syndrome, bullous impetigo, striate 
palmoplantar keratoderma 
Desmogelin-3 Pemphigus vulgaris 
Desmogelin-4 Inherited hypotrichosis 
Plakophilin-1 Autosomal recessive ectodermal dysplasia and skin fragility 
syndrome 
Plakophilin-2 Arrhythmogenic right-ventricular cardiomyopathy (ARVC) 
Plakoglobin Autosomal recessive Naxos disease 
Desmoplakin Striate palmoplantar keratoderma, acantholytic epidermolysis 
bullosa, Carvajal syndrome 
 
(d) Gap junctions: Mutations in connexins most often manifest as skin disorders and/or 
deafness. Peripheral neuropathy has also been observed in mutations involving connexin-
32. Currently, over a hundred different types of mutations in connexin 32 have been 







Table 2.5 List of diseases associated with mutations in different connexins that form gap 
junctions[107]. 
 
Gap junction protein 
type 
                         Associated human diseases 
Connexin 26 Keratitis-ichthyosis-deafness and hystrix-like ichthyosis-
deafness, Vohwinkel's syndrome, palmoplantar 
keratoderma 
Connexin 30 Clouston's syndrome 
Connexin 31 Erythrokeratodermia variabilis 
Connexin 32 X-linked Charcot-Marie-Tooth syndrome 
Connexin 43 Oculo-dento-digital dysplasia (ODDD) 
 
2.5 Effect of mechanical strain on intercellular adhesion complex 
The effect of mechanical strain on the expression of several genes and proteins has been 
studied in a variety of different cell types. For example it has been shown that mechanical 
strain can alter collagen and fibronectin production in fibroblasts (tendon, ligament, 
pulmonary and periodontal) and smooth muscle cells[108]. Also, mechanical strain has 
been shown to cause an increase in the expression of immediate early genes like c-fos, c-
jun and c-myc in cardiomyocytes[109]. It has been shown that mechanical strain can 
activate both the classical MAPK pathway (ERK1/2) as well as the JNK and p38 MAPK 
pathway in endothelial cells[110]. Activation of ERK, JNK and p38 is followed by 
activation of downstream transcription factors, important among which are AP-1, Egr-1 
and Elk-1. PKC, PI3K, tyrosine kinases, free radicals and tyrosine kinases have been 
shown to play an important role in the mechanical strain mediated activation of the 
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MAPK pathway in endothelial cells. Altered expression of a number of different genes 
has been associated with mechanical strain in endothelial cells. Important among them 
include ICAM-1, MCP-1, COX-1/2, eNOS and MMP[110]. Some of the important 
pathways involved in modulating the response of cells to external mechanical strain are 
shown in Fig. 2.11. Despite such a large number of studies conducted on the expression 
of various cellular proteins in endothelial cells in response to mechanical strain, few 
studies have focused on the effect of mechanical strain on the expression and localization 
of intercellular adhesion molecules. Some previous studies have been carried out on lung 
alveolar epithelial cells. It has been shown that mechanical strain can increase the 
proliferation rate of alveolar epithelial cells[111]. The increase in proliferation rate was 
shown to be mediated by phospholipase C-γ-protein kinase C pathway as well as ERK1/2 
activation occurring through Src and focal adhesion kinase[112]. It was also 
demonstrated that mechanical strain can disrupt the intercellular tight junction barrier as 
well as decrease the expression of tight junction proteins e.g. occludin[30, 113]. Recent 
experiments conducted on endothelial cells show that mechanical strain can induce an 




   
Figure 2.11 Schematic depiction of the various signaling pathways activated in response 




Such contradictory results show that the influence of mechanical strain on the expression 
and localization of intercellular adhesion proteins is highly dependent on the specific cell 
type under investigation. Furthermore, the experiments do not propose any possible 
mechanism or cause for the altered expression in occludin expression. 
Considering that the renal tract epithelial cells are often subjected to large strains e.g. in 
case of obstruction arising from either stones or hypertrophic prostate (also called 
hydronephrosis) or cysts occurring due to genetic mutations (e.g. polycystic kidney); it is 
very likely that such strains induce significant alteration in the expression and distribution 
of intercellular adhesion proteins. Furthermore, since the renal tract is also responsible for 
strictly regulating the diffusion of solutes and ions, it is likely that any disturbance in the 
integrity of the tight junction proteins due to the mechanical strain would compromise the 
epithelial barrier. Though some studies have investigated the effect of mechanical strain 
on the proliferation rate of renal epithelial cells[115], the effect of mechanical strain on 
the expression and distribution of intercellular adhesion molecules in renal epithelial cells 
remains unknown. To probe the expression and distribution of some of the tight junction 





3 Experimental setup, Methods and Materials 
3.1 Cell culture, proteins and reagents  
Mouse L-fibroblasts were cultured in Dulbecco’s modified Eagles’ medium (DMEM) 
supplemented with 10% fetal bovine serum and 1% penicillin. They were subculture 
every three days. For AFM experiments, cells were seeded on 13mm glass cover slips. 
The glass cover slips were used for SMFS experiments when the cells were about 50% 
confluent. Madin-Darby canine kidney (MDCK) cells were also cultured in the same 
medium. Nectin-1 fused to human Fc fragment was generated as described before and 
was a generous gift from Dr. Takai, Osaka University[55].  mJAM-A/Fc fusion protein 
was purchased from R&D systems (Minneapolis, USA). Purified head domain of reoviral 
attachment protein σ1 (residues 293-455) was provided by Dr. Dermody, Vanderbilt 
University, USA[116]. 
3.2 Single Molecule Force Spectroscopy Set Up 
All single molecule force spectroscopy experiments were carried out on a MultiModeTM 
PicoforceTM AFM (Veeco, Santa Barbara, CA) with Nanoscope Controller IV coupled to 
an upright microscope. The microscope was connected to a monitor for visualizing cells. 
This helped in positioning the cantilever over the cell. Experiments were performed at 
room temperature using a fluid cell that allowed for injecting and changing culture 
medium during the course of the experiment (Fig. 3.1). This allowed the experiments to 
be performed on live cells. 
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3.3 Functionalization of AFM Tips 
AFM cantilevers were functionalized with recombinant nectin-1/Fc or JAM-A/Fc fusion 
proteins using a previously described protocol[83, 84]. Silicon nitride tips (k=10pN/nm, 
Veeco, Santa Barbara, CA) were first cleaned in acetone and then UV irradiated for 
fifteen minutes. They were then incubated in a 30% solution of hydrogen peroxide in 
concentrated sulphuric acid for 30 minutes. Tips were then washed thoroughly with DI 
water and dried. Tips were discarded after one or two experiments because repeated 
treatment with acid caused damage to the reflecting surface of the cantilever leading to no 
detectable laser on the photodiode. They were silanized by incubating them in a 3% 
solution of 3-aminopropyltriethoxysilane (APTES, Sigma) in acetone for 3 minutes. 
Following this, they were rinsed in acetone three times and immersed in a solution of bis-
sulfosuccinimidyl suberate (BS3, 2mg/ml, Pierce, Rockford, IL) for 30 minutes. Tips 
were then washed in DI water and incubated in mouse anti-human Fc antibody (10µg/ml, 
Sigma, St. Louis, Missouri). Tips were washed to remove unbound antibody and the 
reaction was quenched by incubating tips in 0.1M glycine for 10 minutes. Finally, the tips 
were incubated in a 5µg/ml solution of nectin-1/Fc or JAM-A/Fc for two hours. They 
were then washed in PBS to remove unbound protein. Prior to experiments the tips were 
blocked in 1% BSA for 15 minutes. Glass cover slips were functionalized with nectin-
1/Fc or JAM-A/Fc using the same method. For control experiments, all the steps were 
similar except that the tips were not incubated in nectin-1/Fc or JAM-A/Fc. For 
functionalizing tips with reoviral attachment protein σ1, a one step cross linking method 
using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (1mg/ml, EDC, 
Pierce) was used[117]. Following silanization of the tips and treatment with BS3as 
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described above, tips were incubated in a solution of homo-bifunctional mPEG-amine 
spacer (polyethylene glycol with free primary amine groups at both ends, 2 mg/ml, MW 
2000, Nektar) for 2 hours. The tips were washed and quenched in 1M Tris buffer. The σ1 
head domain (10µg/ml in PBS) and freshly prepared EDC (1 mg/ml in PBS) were mixed 
in equal amounts. Tips were rinsed in PBS and incubated in this mixture for 2 hours. 
Finally, they were rinsed in PBS and blocked in 1% BSA for 15 minutes. 
 
Figure 3.1 Experimental set up for SMFS experiments. 
 
3.4 Single Molecule Force Spectroscopy Experiments on L-fibroblasts 
Functionalized cantilevers were mounted on a fluid cell and the laser was aligned onto 
the largest cantilever (k=10pN/nm). Freshly cleaved mica was firmly glued to a metal 
disc and cover slips (on which L-fibroblasts were grown) were mounted on the mica 
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using a Scotch® double sided tape. The metal disc was then placed on the PicoforceTM 
scanner. A drop of culture medium was added over the cells and the fluid cell with the 
functionalized cantilever was placed on top of the cover slips. A small amount of culture 
medium was gently injected into the fluid cell to immerse the cantilever taking care to 
avoid formation of any air bubbles. 
To obtain the deflection sensitivity of the cantilever, it was positioned over a region 
devoid of any cells. A force curve was obtained by allowing the cantilever to press hard 
against the glass cover slip (a contact force of ~2nN was applied). The deflection 
sensitivity was then calculated as the slope of the trace and retrace curve in the contact 
region (Fig. 3.2).  
 
Figure 3.2 A typical force distance curve obtained on a hard substrate to calculate the deflection 
sensitivity of the cantilever. The slope of the trace and retrace curve between the two vertical 
dashed lines is used for calculating the deflection sensitivity. 
 
The typical deflection sensitivity of the cantilevers used in SMFS experiments was 
~90mV/nm. The deflection sensitivity of the cantilever so obtained is used by the in built 
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thermal tune module of the AFM to calculate the spring constant of the cantilever. The 
thermal tune module monitors the thermal fluctuations of the cantilever and derives the 
spring constant from the power spectrum. While monitoring the thermal fluctuations of 
the cantilever using the thermal tune module, the cantilever was moved far away from the 
substrate to prevent any interference from the substrate. 
After calculating the spring constant, the cantilever was positioned over the centre of a 
well adherent and spread out L-fibroblast. Force curves were then obtained under 
conditions that minimized multiple bond formation. A contact force of 200pN and a 
contact time of 1ms were used in all experiments. Under these conditions, the frequency 
of bond formation was less than 30%. Poisson’s statistics predicts a >85% probability of 
single bond formation for bond formation frequencies less then 30%. The retraction 
velocity of the cantilever was varied from 1µs-1 to 10µs-1. More than 500 force-distance 
(F-D) curves were obtained for each retraction velocity. These F-D curves were then 
analyzed to obtain the magnitude of rupture force and loading rate using a code written in 
MATLAB version 6.5 (The MathWorks, Natick, MA). 
3.5 Detection of Rupture Events and Calculating Rupture Force & Loading Rate 
Since a few thousand F-D curves need to be analyzed for statistically significant results, 
an automated data processing algorithm was implemented using MATLAB. A flow chart 
depicting the steps for detecting the rupture events in F-D curves is shown in Fig. 3.3. 
The data for the retract curve (scanner movement along X-axis and force along Y-axis) 
from all F-D curves was exported into ASCII format for further analysis using a custom 
written code in MATLAB for detecting the rupture events, calculating the magnitude of 
56 
 
rupture force and the loading rate. F-D curves were first smoothed using a sliding 
window of width w points (typically 5 by default) and the average force value of the data 
points was attributed to the window (Fig. 3.4). Smoothing was necessary to prevent the 
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Figure 3.3 Flow chart depicting the sequence of steps in the analysis of F-D curves acquired in 
SMFS. 
 
For detecting a rupture event in an F-D curve after smoothing, a profile of changes 
occurring in the force values was constructed within a sliding window of length L based 
on the difference between the first and last entries of the window (Fig. 3.5). Since 
unbinding events usually occur within very short pulling distances (~5 nm), the window 
length was calculated based on the ramp size (~2.5 to 5 µm) and the data points sampled 
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(typically either 1024 or 2048). Assuming that the force value corresponding to each data 
point is a result of a mutually independent force signal with a superimposed background 
noise, it can be shown that the profile of force changes follow a normal distribution. 
Thus, using Gaussian statistics it is possible to test if bond rupture event (i.e. a sharp 
transition) exists within the tested window.  If the null hypothesis H0 (there is no bond 
rupture (no sharp transition)) is true, the value of  the back ground noise will be very 
close to zero since it is follows a Gaussian distribution with mean of zero. 
Z-displacement (nm)
 
Figure 3.4 Smoothing of the F-D curve using a sliding window method. 
 
In contrast, force values that deviate significantly from zero indicate that there is a sharp 
transition within the tested window suggesting the presence of a bond rupture event. To 
localize the position of the bond rupture event, a threshold (T, dotted red line, Fig. 3.5) is 
set based on the mean and standard deviation of the observed changes in the force profile. 
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Only F-D curves containing a rupture event show a change in the force profile greater 
than the threshold. After localizing the peak position, original experimental values (non-
smoothed) are used to evaluate the amplitude of the force and the z-displacement position 
of each rupture event. Only those curves that display a single rupture event are included 
in the analysis. Each rupture event is mapped as a single scatter point { ifi Fr , } where Fi is 
the rupture force and rate rf is the corresponding loading rate.  
 
Figure 3.5 Two typical retract curves containing (a) no bond rupture and (b) a single bond rupture 
are shown in the first row. Sliding window of width L (~5 nm) is used to calculate the profile of 
changes in the force for all data points along the Z-displacement (arrow indicates the direction of 
sliding). Profiles of force changes are fitted using Gaussian distribution (third row) with mean (µ) 
and standard deviation (s.d.). Value of µ (black dashed line), µ + s.d. (blue dash line) and 99.99% 
threshold T (red dash line) of Gaussian test (p=0.0001) used for detecting the bond rupture (*) are 
superimposed on the observed changes in the force values for the data points (second row). Only 
F-D curves with bond rupture (*) will have force values greater than the threshold set (i.e. values 
fall outside the red line). 
The loading rate is derived by multiplying the reproach speed (v) and the effective spring 
constant keff (obtained from the slope of the reproach curve prior to the rupture of the 
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bond, Eq. 2.5). The rupture force measurements are partitioned by using binning 
windows of 50 pN/s for loading rates between 100 and 1000 pN/s and by binning 
windows of 500 pN/s for loading rates between 1000 and 10,000 pN/s[83, 85]. Each bin 
yields a mean force or peak force by Gaussian fitting. By plotting the force in each bin as 
a function of loading rate, the unstressed dissociation rate and reactive compliance for the 
molecular interactions can be extracted. These parameters characterize the binding 
interactions at the single molecule level. 
3.6 Design, Fabrication and Calibration of Cell Stretcher 
A microscope mountable cell stretching device was designed based on a previously 
described set up[118]. The fabrication was done by AEC engineering, Singapore. The 
device basically consists of three parts: base, clamp and a press (Fig. 3.6a). The base 
contains a groove and sits on the microscope stage. The clamp holds a flexible silicone 
membrane and is placed on the base. When the press pushes the membrane into the 
groove in the base, the membrane is subjected to a uniform and circumferential 
mechanical strain (Fig. 3.6b). The depth to which the press indents the membrane 
determines the magnitude of mechanical strain applied. A motor controls the depth, 
duration and frequency of indentation by the press. The motor in turn is controlled by a 
computer through a LABVIEWTM based user interface programme. The whole cell 
stretching system with the microscope is enclosed in an incubation chamber that allows 
for maintaining the temperature at 370 C. Furthermore, a mixture of 95% air and 5% CO2 
is introduced into the “press” through a small valve located at the rear. Regulating the 
temperature and CO2 makes it possible to apply mechanical strain to cell monolayers for 
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long durations. The cell stretcher is mounted on a Nikon microscope equipped with a 
laser confocal scanning head and a perfect focus system (Fig. 3.7). The confocal 
microscope allows for obtaining optical sections while the perfect system prevents 






silicone membrane  






      (b)  
Figure 3.6 (a) Schematic of the microscope mountable circumferential cell stretcher and (b) close 
up view of the press, base and clamp of the cell stretcher. 
61 
 
Silicon membranes (250µm thick) were purchased from Specialty Manufacturing 
(Saginaw, MI). The membranes were cut to the appropriate size and placed inside the 
clamp to be firmly held by screws. The clamp with the membrane was then mounted on 
the base for stretching. For calibrating the cell stretcher, a previously described method 
was used[118]. Roughly equidistant markings were made on the membrane starting from 
the centre and radiating out using a marker. Images of the membrane with the markings 









Figure 3.7 Cell stretching device mounted on a laser confocal microscope enclosed in an 
incubation system. 
 
Using ImageJ software, the distance between the markings was calculated in pixels. The 
strain was then calculated as the ratio of the change in distance between two markings 
after stretch to that of the distance between the markings before stretch. For assessing the 
uniformity of the stretch in all directions (radial strain), strain was calculated along 
different directions (0o, 90o, 180o and 270o). For assessing the uniformity of stretch at the 
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centre and the periphery (circumferential strain), strain was calculated for one pair of 
points at the centre (blue arrows, Fig. 3.8) and another pair of points at the periphery (red 
arrows, Fig. 3.8). Results show that the strain in different directions and at the centre of 
the membrane as well as at the periphery for different magnitudes of indentation by the 
press is relatively uniform (Fig. 3.9). The maximum strain that could be achieved was 
~60%. Also, the magnitude of strain showed a linear correlation with the indentation of 
the press for strain magnitudes between 5% and 60% (dashed lines, Fig. 3.9). However, 
at very low strain magnitudes (<5%), the correlation was not linear. Since 20% strain was 
applied in all our experiments, we were well within the linear range. 
Before seeding cells on the silicone membranes, the membranes were plasma cleaned for 
30 minutes and left exposed to UV in a laminar hood overnight. The membranes were 
then incubated with bovine collagen (0.3mg/ml in PBS, Nutragen) overnight in an 
incubator. The excess collagen was washed off using PBS. MDCK cells were seeded at a 
density of 40,000 cells/cm2. They were allowed to grow to ~100% confluence to form a 
uniform monolayer of cells (~2-3 days).  
At confluence, one membrane was transferred to the cell stretcher while the other was left 
as a control in the incubator. Cells were subjected to a mechanical strain of 20% at a 
frequency of 0.25Hz (2 seconds of stretch and 2 seconds of relaxation) for a duration of 
24 hours. At the end of 24 hours, the cells were either fixed and stained for TJ proteins or 
lysed and subjected to protein gel electrophoresis. For cell proliferation assays using 
BrdU method, BrdU (1:500 diluted in culture medium) was added to the cells one hour 





Figure 3.8 Clamp with a silicone membrane showing markings used for calibration. Strain was 
obtained in four perpendicular directions (00, 900, 1800 and 2700) and for points at the centre (blue 












































































Figure 3.9 Plot of strain in different directions and for points at the centre and periphery of the 
membrane for different magnitudes of indentation by the press. Dashed lines represent the region 




3.7 Immunofluorescence Staining, Protein Gel Electrophoresis and BrdU Staining 
(a) Immunofluorescence Staining 
Cells grown on membrane were washed in PBS and fixed using 4% paraformaldehyde 
(PFA) in PBS for 15 minutes. For staining occludin, cells were subjected to a gentle pre-
extraction step using a pre-extraction buffer (0.2% Triton X-100 in 100mM KCL, 3mM 
MgCl2, 1mM CaCl2, 200mM sucrose, and 10mM Hepes (pH 7.1) for 2 min on ice) prior 
to fixation. After fixation, cells were permeabilized with 0.1% Triton X-100 for 10 
minutes followed by blocking with 10% normal goat serum in 0.1% triton X-100 for half 
an hour. They were then incubated for one hour with primary antibodies (Zymed) diluted 
1:20 to 1:50 times in the blocking solution. Cells were washed thrice in PBS and then 
incubated in fluorescent labeled secondary antibodies (Zymed). The membranes were 
then mounted on cover slips using Fluorsave (Calbiochem). Images were captured using 
a Nikon confocal laser scanning microscope. Images of each set of control and stretched 
samples were acquired using the same acquisition parameters (laser intensity, pixel dwell 
time, pinhole size and gain). 
(b) Protein Gel Electrophoresis 
Cells were lysed using RIPA buffer containing 1:1000 protease inhibitors CLAP 
(chymostatin, leupeptin, antipain, pepstatin, Sigma,). After vortexing for 15 minutes, the 
lysate was homogenized by passing through a fine gauge needle. Protein content in the 
lysate was estimated using Bradford assay. The lysate was boiled in sample buffer for 4 
minutes and 50ug of protein sample was loaded into each well of a 10% polyacrylamide 
gel. The proteins were then transferred to a PVDF membrane. Membranes were blocked 
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in 5% non-fat milk in 0.1% TWEEN 20 in PBS for one hour. The membranes were then 
incubated with primary antibodies (1:1000) followed by HRP tagged secondary 
antibodies (1:4000). Detection of the protein bands was done using Super Signal West 
Pico Chemiluminescent Substrate (Pierce). The membranes were exposed to 
autoradiography films (GE healthcare) for five minutes and then developed in a 
developer (KODAK). 
(c) BrdU Staining 
For studying cell proliferation rate, BrdU labeling and detection kit was used (Roche, 
USA). After 23 hours of stretch, stretching was stopped and medium was replaced with 
BrdU containing culture medium (1:500 dilution of stock). Stretching was resumed again 
for one hour. At the end of 24 hours of stretching, cells were washed and fixed in a 
mixture of 70% ethanol and 30% 50mM glycine (pH 2.0). Following this, they were 
incubated in a solution of primary antibody against BrdU mixed with nucleases. 
Nucleases are necessary to enhance the accessibility of incorporated BrdU to the 
antibodies. Following this, cells were incubated in fluorscein labeled secondary antibody. 
The cell nuclei were counterstained with DAPI (1µg/ml). Images were acquired on an 
inverted fluorescence microscope (Leica, Germany) using a 20X objective. For every 
region, an image of BrdU positive nuclei was first collected (by exciting with blue light) 
followed by the total nuclei in the region (by excitation with UV light). Six different 
regions were captured for analysis in each experiment and three independent experiments 
were carried out. Nuclei were counted manually and the proliferation rate was defined as 
the ratio of BrdU positive nuclei to that of the total nuclei in a given region. 
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4 Single molecule force spectroscopy study of homophilic 
nectin-1 interactions 
4.1  Introduction 
Nectins are cell adhesion molecules (CAMs) that localize at adherens junctions along 
with E-cadherins. They belong to the immunoglobulin (Ig-) superfamily of proteins. 
There are four types of nectins- nectin-1, -2, -3 and -4. Nectins were first discovered 
during the search for the physiological functions of the polio virus receptor (PVR). 
Southern blot hybridization analysis revealed that the murine genome contained a 
homologous receptor identical to polio virus receptor[50]. The discovery of the murine 
PVR homologue (MPH) was followed by the discovery of two proteins in human 
placenta that closely resembled PVR. These were named Polio virus receptor related 
proteins (PRR1 and PRR2)[52]. It was also shown that PRR2 was the true homologue of 
MPH.  
Despite a significant sequence and structural similarity, both MPH and PRR proteins did 
not bind to any of the three serotypes of polio virus. It was, however, found that replacing 
the first domain of the murine homologue with that of the PVR conferred the homologue 
with ability to bind to polio virus. Further experiments showed that both PRR1 and PRR2 
are glycoproteins that are expressed ubiquitously in several tissues including hemopoietic 
cell lines. Cells transfected to express PRR2 showed marked aggregation which was 
inhibited by the addition of a PRR2/Fc fusion chimera[51, 54]. This strongly suggested 
that PRR2 mediated aggregation was mediated by a homophilic mechanism. This 
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adhesion was shown to be independent of the presence of divalent cations. Furthermore, 
immunostaining showed that PRR2 localized to intercellular junctions and was absent 
from free cell edges. It was also found that l-afadin (a novel actin filament binding 
protein localizing at AJs) and PRR co-localized at cadherin-based cell-cell AJs in various 
tissues and cell lines[42, 119]. The PRR proteins were renamed nectins (taken from the 
Latin word "necto" meaning "to connect"). Using L-cells transfected with nectin-1 
(PRR1) and nectin-2 (PRR2), it was shown that adhesion mediated by nectins, similar to 
that mediated by several other Ig- superfamily CAMs, can occur even in the absence of 
Ca2+ ions. The Ca2+ independent adhesion activity of nectins distinguishes them from 
adhesion mediated by E-cadherins. This established the nectin/afadin complex as an 
independent intercellular adhesion system at AJs. The nectin/afadin intercellular adhesion 
system has now been shown to be widely distributed in different tissues and cells. Apart 
from epithelial cell junctions, some of the locations in which it has been shown to play an 
important role are endothelial cell junctions, neuronal synapses, germ cell/Sertoli cell and 
Sertoli cell/Sertoli cell junctions (Fig. 4.1). 
4.1.1 Structure and Organization of Nectins 
Structurally, all nectins have an extra cellular region, a single transmembrane region and 
a cytoplasmic region (Fig. 4.2a)[41]. The extracellular domains consist of three Ig-like 
loops (two membrane proximal C domains and one membrane distal V domain). Most 
members of the nectin group of proteins contain a conserved four residue motif (Glu/Ala-




(a) (b) (c)  
Figure 4.1 Distribution of nectins in different intercellular junctions (a) Epithelial cells (b) 
neuronal synapses and (c) Sertoli cell-spermatid junction[41]. 
 
Afadin is a large adaptor molecule (MW ~205kD) that contains a PDZ domain, three 
proline rich regions and an F-actin binding domain (Fig. 4.2b)[42]. While the PDZ 
domain interacts with the cytoplasmic tail of nectins, the F-actin binding region connects 
it to the actin cytoskeleton. In this manner, afadin acts as an adaptor molecule that 
connects nectins to the actin network of the cell. Nectins are conserved from humans to 
rodents. When nectin-2 transfected cells were trypsinized into single cell suspensions, 
treated with a cell membrane impermeable cross linking agent (e.g. BS3), lysed and 
probed with anti-nectin antibody; it was found that in addition to the ~70kD band (that 
represents monomeric nectin), there was another band of approximately 140kD. This 
strongly suggested that nectins undergo cis-dimerization on the cell membrane [54, 120]. 
Mutational studies showed that the second extracellular loop is essential for cis-
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dimerization of nectins. Mutant nectins, where the second extracellular loop was deleted 
(nectin-∆Ig2), did not show the characteristic higher molecular weight dimeric band 
following cross linking with BS3.  
 As mentioned before, L-cells stably transfected with full length nectins showed 
increased aggregation. Several lines of evidence point towards the role of the membrane 
distal first extracellular loop in mediating the trans-interactions that cause increased 
aggregation in these cells[121]. Point mutations in the first extracellular loop abrogate the 
trans-dimer formation but not cis-dimerization. Herpes glycoprotein D, which binds to 
the first extracellular loop of nectin, prevents trans-dimer formation but not cis-
dimerization. An antibody against the first extracellular loop also prevents trans-dimer 
formation. Finally, fragments of the first extracellular loop have been shown to form 
trans-dimers. Thus, the first extracellular loop of nectin is essential for the formation of 
trans-dimers. Also, L-cells stably transfected with nectin-∆Ig2 (nectin with its second 
extracellular loop deleted) did not show cell aggregation behavior seen in cells 
transfected with full length nectin. This suggested that the second extracellular loop was 
essential for both cis and trans-dimerization. Taken together these facts show that (a) 
nectin cis-interactions are mediated by the second extracellular loop (b) nectin trans-
interactions are mediated by the first extracellular loop and (c) cis-interactions are a pre-
requisite for trans-interactions to take place. It was also seen that a nectin mutant that 
lacked the C- terminal four amino acids (essential for binding to afadin) showed similar 
cell adhesion activity when transfected into L-cells. This showed that the trans-
interactions between nectins can occur independent of their association with afadin i.e., 
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nectin trans-interactions do not require their anchoring to the actin cytoskeleton. The 
function of the third Ig-like loop currently remains unknown. 
 
      (a) 
 
        (b) 
Figure 4.2 Schematic of (a) nectin showing the three extracellular Ig-like loops, a short 
transmembrane region, a cytoplasmic tail and (b) afadin showing the PDZ domain that binds 
nectin and the F-actin binding region that links it to the actin cytoskeleton[41]. 
 
4.1.2  Role of Nectins in Cell Adhesion 
As mentioned in the previous section, the primary function of nectins is intercellular 
adhesion. For a long time E-cadherins were considered the primary anchors of 
intercellular adhesion complex. This was strongly supported by the fact that transfection 
of E-cadherin into non-adherent cell types (e.g. L-fibroblasts) conferred strong 
aggregation properties to the cells[44, 122]. Furthermore, Ca2+ chelating agents like 
EDTA strongly inhibited intercellular adhesion in a variety of cell types. Since E-
cadherin adhesion is strongly dependent on the presence of extracellular Ca2+ ions, it 
provided additional support that E-cadherins mediated adhesion formed the basis for 
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intercellular adhesion. Based on the crystal structure of E-cadherin, it was proposed that 
dimers of E-cadherins undergo trans- interaction with corresponding dimers on adjacent 
cell to form the intercellular adhesion (Fig. 4.3)[45]. However, the discovery of nectins 
has brought about a totally new perspective on how intercellular adhesion is initiated and 
maintained. It is becoming increasingly clear that nectins and E-cadherins function in a 
well coordinated manner to establish a mature intercellular adhesion complex. 
 
Figure 4.3 Schematic depiction of adhesion mediated by E-cadherins. Initial cis-dimerization is 
followed by trans- interactions with dimers from adjacent cells to form adherens junction[41]. 
 
Over expression of nectin-1 in cells was shown to increase the velocity of formation of E-
cadherin based junctions while addition of nectin-1 inhibitors decreased the velocity[55, 
57]. This demonstrated for the first time that the assembly of E-cadherins was modulated 
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by nectin-1 mediated interactions. Further investigations showed that trans-interactions 
mediated by nectin-1 recruit E-cadherins in an afadin dependent manner[56]. The 
recruited E-cadherins, in turn, bound p120ctn, β- catenin, and α-catenin. However, the 
adhesion strength of interactions mediated by the initially recruited E-cadherins was 
found to be very low. Activation of small G proteins e.g. Rap1 caused by the trans-
interactions between nectin-1, was found to significantly enhance the interaction strength 
of the recruited E-cadherins. Together, these facts suggest that while trans-interactions 
occurring between nectin-1 are responsible for recruiting E-cadherins to the adherens 
junctions, Rap1 activation via nectins plays an important role in strengthening E-cadherin 
mediated adhesion[56].    
4.1.3 Single Molecule Force Spectroscopy Study of Homophilic Nectin-1 
Interactions 
The emergence of nectins as a relatively new intercellular adhesion system has made 
them a focus of extensive research. In spite of the significant biochemical and molecular 
biology work carried out to elucidate their structural and functional properties, little work 
has been done to characterize their adhesion properties particularly at the level of single 
molecule. Most of the previous studies focusing on the intercellular adhesion forces 
mediated by nectins have been predominantly qualitative. The initial experiments that 
discovered the adhesion properties of nectins were based on centrifugation assays 
performed on transfected L-cells[55]. These experiments merely showed that transfection 
of nectins lead to an enhanced cell aggregation. Later, experiments performed on 
transfected L-cells using dual micropipette assays gave some quantitative information 
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regarding the adhesion forces mediated by nectins[44]. It was observed that nectin 
mediated cell adhesion was weak when compared to that mediated by E-cadherins. 
Furthermore, while adhesion mediated by E-cadherins was abolished in the presence of a 
calcium chelator like EDTA, nectin mediated adhesion was unaffected. However, no 
experiments were performed to analyze the kinetics or magnitude of nectin mediated 
interactions at the level of single molecule. 
As described in previous chapters, single molecule force spectroscopy using AFM has 
emerged as a powerful tool to understand the interaction forces and dynamics of 
molecular interactions. Moreover, SMFS using AFM also allows us to probe the 
interactions under more physiological conditions. This chapter describes how the 
elucidation of adhesion kinetics of homophilic nectin-1 interactions using SMFS 
experiments provides additional support for the role of nectins as initiators of cell 
adhesion.  
4.2 Materials and Methods 
The atomic force microscopy setup for SMFS experiments, cantilever functionalization 
with nectin-1/Fc fusion protein (Nef-1), data acquisition and analysis are described in 
detail in Chapter 3. 
4.3 Results 
4.3.1 Force Spectroscopy of L-cell/Nef-1 Interactions 
AFM cantilevers functionalized with Nef-1 were used to probe L-fibroblasts (Fig. 4.4).  
These cells were chosen because they express low levels of endogenous nectin-1[120]. 
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Furthermore, since they do not express nectin-3 (with which nectin-1 can interact in a 
heterophilic manner), all observed interactions can be attributed to homophilic nectin-1 
interactions. Also, fusion of the Fc fragment to the C-terminal of nectin-1 provides 
optimal access of the N-terminal extracellular loops which mediate trans- interactions.   
 
Figure 4.4 Schematic of SMFS set up for probing nectin-1 mediated interactions. 
 
Force-distance curves were obtained by lowering the functionalized cantilever on to a 
well adherent L-fibroblast (Fig. 4.5). A contact force of 200pN was applied for a duration 
of 1ms.  The retraction velocity of the cantilever was varied from 1 to 10µm/s. More than 
500 F-D curves were obtained for each velocity at a binding frequency of <30%. The 





Figure 4.5 Typical force-distance curves obtained at a cantilever reproach velocity (Vr) of 5 µm/s 
on L-fibroblasts using nef-1 functionalized cantilever. Arrows indicate rupture of nef-1/nectin-1 
homophilic trans-interactions. Only curves showing a single clear rupture event were used for 
generating histograms (b) The slope of the curve before rupture multiplied by the reproach 
velocity (Vr , expressed in µm/s) defines the loading rate (rf , expressed in pN/s). The rupture 
height gives the bond strength (Fr) (expressed in pN)[123]. 
 
For control experiments, force curves were obtained on L-fibroblasts using cantilevers 
functionalized with anti-Fc antibody only. The force histograms so obtained showed few 
adhesion events (~3%, Fig. 4.6, Table 4.1). To rule out the possibility of non-specific 
interactions of Nef-1 with other proteins on the cell surface, force curves were also 
obtained on glass cover slips on which Nef-1 was immobilized, under similar conditions 
of contact force and time. The force histogram so obtained, showed a higher frequency of 
interactions compared to both the control experiment as well as the histogram obtained 
on cells (Fig. 4.6, Table 4.1). This was to be expected since the average concentration of 
endogenous nectin-1 expressed by the L-fibroblasts is very low. These control 
experiments strongly supported the fact that only specific interactions mediated by 




Figure 4.6 Rupture force histograms of interactions between Nef-1 functionalized tips and L-
fibroblasts (Nef-1/L-fibroblast), anti-Fc antibody functionalized tips and L-fibroblasts (anti-Fc 
antibody/L-fibroblast), Nef-1 functionalized tips and Nef-1 functionalized cover slips obtained at 
a reproach velocity of 5µm/s[123]. 
 
Table 4.1 List of different interactions probed corresponding to histograms depicted in Fig. 4.6. 
 
Interaction Type  AFM Tip  Substrate  
1. Anti-Fc antibody/L- Anti-Fc L -cells 
2. Nef-1/L-fibroblasts Nef-1 L -cells 
3. Nef-1/Nef-1 Nef-1 Nef-1 on cover slips 
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 All the receptor/ligand pairs tested, corresponding to the histograms shown in Fig. 4.6, 
are listed in Table 4.1. 
To analyze the biophysical nature of nectin-1 mediated homophilic interactions, the 
magnitude of the rupture events and the corresponding loading rates was extracted for all 
F-D curves showing a single clear rupture event. As mentioned in chapter 3, the most 
commonly used Bell-Evans model predicts a linear relation between the bond rupture 
force and logarithm of the applied loading rate. For nectin-1 mediated interactions, when 
the magnitude of rupture force was plotted against the logarithm of the applied loading 
rate, the data points appeared to be scattered instead of clustering into a single region 
(Fig. 4.7).  
 
Figure 4.7 Rupture force magnitude plotted against the logarithm of loading rate for homophilic 




 One possible explanation for such a distribution pattern is that the data points clustering 
in the lower strength regime correspond to the rupture of a single bond whereas the data 
points in the higher strength regime correspond to the rupture of double and triple bonds 
in parallel (Fig. 4.8). Such clustering of data points has previously been observed in 
interactions of the protein mucin-1 and its antibody[124]. Alternatively, such pattern 
could also arise due to the existence of multiple binding configurations between two 
proteins. Such multiple binding configurations have been proposed for interactions 
between E-cadherins[125]. 
C o n f ig  I C o n f ig  I I   C o n f ig  I I I   
(a )
 
Figure 4.8 Schematic depiction of (a) proposed multiple interaction configurations of Nef-
1/nectin-1 trans-interactions (b) Possible cases of simultaneous rupture of one, two or three 




We propose that the observed clustering is the result of multiple binding configurations 
between nectin-1 mediated interactions rather than multiple bond formation due to the 
following reasons. Firstly, such multiple binding interactions have been observed in 
heterophilic interactions between nectin-1 and nectin-3[125]. Since there is a significant 
homology between nectins, it is very likely that such multiple binding configurations can 
also occur in homophilic nectin-1 interactions. Secondly, it is reasonable to assume that 
the cantilever, intermolecular bond between the interacting protein molecules and the cell 
constitute a system of three springs in series. Since the stiffness of the cantilever 
(kcantilever) and the cell (kcell) is much greater than that of the intermolecular bond (klinker), 
the effective stiffness of the cantilever-linker-cell system is dominated by the stiffness of 
the intermolecular bond. If the scatter was a result of double or triple bonds rupturing in 
parallel, the effective stiffness of the system for rupture events in the higher strength 
regime would be expected to be twice or three times that observed for the rupture events 
observed in the low strength regime. However, the effective spring constant for bond 
ruptures in the low and high strength regime (as calculated from the slope of the retrace 
curve just before bond rupture) did not show a significant difference (0.334 ± 0.170 
pN/nm and 0.320 ± 0.195 pN/nm, respectively). Taken together these facts make it highly 
unlikely that the clustering of the data points is a result of multiple bond rupture. 
4.3.2 Kinetic Parameter Extraction for the Different Interaction Configurations of 
Nectin-1 Mediated Interactions  
To extract the biophysical characteristics of the different interaction configurations of 
homophilic nectin-1 interactions, it is necessary to fit the data points to a theoretical 
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model. Since rupture events in the high strength regime were very few compared to those 
in the low strength regime, individual force histograms obtained at different velocities did 
not show three distinct peaks. To overcome this problem, maximum likelihood estimation 
(MLE) method was used for curve fitting the rupture force histogram comprising all the 
F-D curves obtained at different velocities. The theoretical basis for the MLE method is 
as follows: 
The conditional bond strength probability density function, ( )fn rfP    for a particular 
loading rate is given by[94, 95]: 































Where   βxTkf Bb /= , kB is Boltzmann constant, T is temperature, xβ is potential length 
of the transition state and k0off is unstressed dissociation rate. 
Thus, the bond strength distribution can be obtained by integrating out the prior 
probability density function of parameter fR , where  
1−= ff rR  is the inverse loading rate:  
( ) ( ) ( ) )2.4(fR ffnn RdRPRfPfP f∫=  
In our experiments, the prior distribution of  fR  was found to follow an exponential 
distribution; ( ) ( ) ( )RfRf uRuRP /exp/1 −= , where   Ru = 8.22 ± 1.19 x 10-3 (Fig. 4.9, 




Using Eq. 4.2, the bond strength distribution can be rewritten as: 
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Figure 4.9 Histogram showing the prior distribution of the inverse loading rate (rf -1) obtained in 
the experiment fitted with an exponential distribution (p<0.05, χ2 test). 
 
Rupture force (f) between nef-1/nectin-1 pairs (n=1779) at different loading rates (rf) 
were pooled into a single histogram. The histogram showed three well defined force 
peaks corresponding to the three different configurations of homophilic nef-1/nectin-1 
trans-interactions (Fig. 4.10). 
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Fitting of bond strength distributions to multiple bond strength probability density 
function   ( ) ( )∑= fPafP nn  (black dotted curve in Fig 3c), where na  are freely 
adjustable parameters to compensate the fraction of subpopulations and n is the number 
of subpopulations, resulted in three different values for the unstressed off-rate 0offk  and 
the reactive compliance xβ corresponding to each of the bound states (Table 4.2). 
 
Figure 4.10 All rupture forces (Fr) recorded (interaction probability of 0.23 for n=1779) at 
different loading rates (rf) were pooled into a single histogram. Red, green and blue continuous 
curves represent fittings including parameters to compensate for the fractions of subpopulations 
of the bond strength probability density function (Eq. 4.1). The black dashed curve represents 
sum of the three bond strength probability densities while the first, second and third distributions 
represent Config I (red), Config II (green) and Config III (blue) (corresponding to binding 
architectures shown in Fig. 4.8). Blue line is enlarged and displayed in the inset figure[123]. 
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Table 4.2 Unstressed off rates and reactive compliance for different interaction configurations of 
nectin-1. 
 






Nef-1/nectin-1 (I)  0.038 ± 0.019 0.962 ± 0.071 
Nef-1/nectin-1 (II) 1.155 ± 0.572 0.251 ± 0.032 
Nef-1/nectin-1 (III) 1.465 ± 0.779 0.143 ± 0.072 
*Data for E-cadherin has been taken from a previous study for comparison[102]. The two 
unstressed off rates shown correspond to values obtained for interactions between recombinant E-
cadherin molecules containing only the N-terminal two domains and full length E-cadherin 
molecules, respectively. 
Since configuration I physically represents the same set of rupture events as a single bond 
rupture, the kinetic parameters obtained for configuration I can be used to extract the 
kinetic parameters for the rupture of double and triple bonds either in a parallel fashion or 
in a zipper manner. Using the Markovian model for uncorrelated rupture of multiple 
parallel molecular bonds, it has been shown that for parallel attachment (where the load is 
shared between all of the bonds), the relationship between the loading rate (rf) , the most 

















Such a system has been studied in the dynamic force spectroscopy of parallel individual 
bond of the protein Mucin1 with its corresponding antibody[124]. For “zipper” 
connection, where only one of the bonds experiences the loading force at any given time, 







r bbofff =  
where βxTkf Bb /= the thermal force, kB is Boltzmann constant, T is absolute 
temperature, xβ is potential length of the transition state and k0off is unstressed dissociation 
rate. Using Eq. 4.4 and 4.5 and the kinetic parameters extracted for configuration I, 
theoretical curves were plotted corresponding to the rupture of double and triple bonds in 
parallel (Fig. 4.11a) and in a zipper fashion (Fig. 4.11b). 
 
Figure 4.11 Theoretical lines (rupture force vs. loading rate lines) according to different models 
were fitted and superimposed on the experimental data (black dots). Blue lines: loading rate 
curves corresponding to the proposed binding architectures shown in Fig 4.8. Black line: loading 
rate curves according to the Markovian model of detaching identical parallel bonds (see 
supplementary information for details). (b) Loading rate lines were fitted according to the model 




The theoretical curves plotted based on the assumption that the rupture events were a 
result of multiple bond ruptures in parallel or in a zipper fashion, did not fit the data 
points well. On the other hand, the curves plotted based on the kinetic parameters 
obtained assuming multiple interaction configurations fit the data points relatively well 
(Fig. 4.11a). 
4.4 Discussion and Conclusion 
The adhesion kinetics of homophilic nectin-1 interactions were elucidated using SMFS. 
Results show that the interactions between nectin-1 can result from multiple binding 
configurations. Furthermore, a comparison between the adhesion kinetics of nectin-1 and 
E-cadherin interactions provides a strong support for a model of cell adhesion in which 
nectins initiate and stabilize the cell adhesion in the initial stages until the strong 
interactions mediated by E-cadherins take over to strengthen the adherens junction.  
E-cadherins are well established as the major protein component responsible for the 
mechanical stability and integrity of the intercellular junction. However, initial SMFS 
experiments carried out on E-cadherin interactions showed that trans- interactions 
mediated by E-cadherin showed a very low t1/2[26]. Such a low bond half life 




Figure 4.12 Schematic depiction of multiple binding configurations in E-cadherin mediated 
interactions. Initially, interactions involve only the N-terminal domains. Further recruitment of E-
cadherins is followed by multiple domain overlap leading to strengthening of the 
interaction[125]. 
 
Further experiments using truncated recombinant E-cadherin proteins showed that 
adhesion mediated by E-cadherins expressing only the first two N-terminal domains was 
significantly weaker than that mediated by the full length E-cadherin. Moreover, 
interactions between full length E-cadherin molecules demonstrated the existence of 
multiple binding configurations[102]. These studies suggested that E-cadherin 
interactions occurred in hierarchical steps. Initial interactions occurring between the first 
N-terminal domains are weak and short lasting. This is followed by multiple domain 
overlap leading to the formation of different binding configurations (Fig. 4.13). Since the 
configurations involving multiple domain overlap show a significantly higher bond half 
life, the interactions are kinetically more stable (Table 4.2).  
The discovery of nectins and their role in modulating E-cadherin mediated interactions 
has provided a better understanding of how adherens junction formation is initiated and 
stabilized. Biochemical studies suggest that the dissociation constant (Kd) for nectin-1 is 
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1µM while that of E-cadherin is 80µM which means that nectin-1 can undergo 
homophilic interactions even when they are present in low concentration[127-129]. 
Furthermore, it has been shown that recruitment of E-cadherins is enhanced by nectin-1 
mediated interactions. Here, we show that the adhesion kinetics of nectin-1 mediated 
interactions, elucidated using SMFS experiments, provides a strong support for the role 
of nectin-1 in initiating adherens junction formation. The bond half life (1/k0off) of nectin-
1 interactions (configuration I) is much longer than that of initial E-cadherin interactions 
(Table 4.2). Hence, in the initial stages of adherens junction formation (e.g. filopodia or 
lamellipodia of two cells coming in contact with one another) when E-cadherin mediated 
interactions are highly unstable and weak, nectin-1 mediated interactions help to stabilize 
them. Furthermore, they also help in the recruitment of E-cadherins to the junctions 
leading to a local increase in their concentration. Once a sufficiently high concentration 
of E-cadherins is reached, interactions with multiple domain overlap occur, leading to a 
significant strengthening of the adherens junction (Fig. 4.13). 
 
Figure 4.13  A cartoon showing the role of nectin-1 in the formation of adherens junction. 




In contrast to the interaction configuration I mediated by nectin-1 that shows a long bond 
half life, configuration II and configuration III show a much shorter bond half life (Table 
4.2). However, the reactive compliance (xβ) of these interaction configurations is smaller 
than that of configuration I as well as that of E-cadherin mediated interactions. 
Phenomenologically, this parameter represents the sensitivity of dissociation of ligand-
receptor complex to an applied force and is equivalent to the length scale of the transition 
state along the reaction coordinate[94]. According to the model proposed by Bell, the 
dissociation rate of a ligand receptor complex bears a direct exponential correlation to the 
external force acting on it as well as the reactive compliance of the interaction[95]. This 
means that the dissociation rate of interactions with a larger reactive compliance 
increases faster than the dissociation rate of interactions with a lower reactive compliance 
when they are subjected to an external force. Since the interaction configuration II and III 
mediated by nectin-1 have a low reactive compliance, they are much more resistant to 
dissociation under an externally applied force. However, since the observed frequencies 
of interaction configurations II and III are very small compared to configuration I, their 
physiological relevance is doubtful. 
In conclusion, adhesion kinetics of homophilic nectin-1 interactions probed using SMFS 
provide us with a better understanding of their role in intercellular adhesion formation. 
Further experiments using truncated forms of nectin-1(e.g. expressing only first 
extracellular domain) could provide a more detailed insight into the role of individual 




5  Single molecular force spectroscopy study of homophilic 
JAM-A interactions and JAM-A interactions with reovirus 
attachment protein σ1 
5.1 Introduction 
Junctional adhesion molecules (JAMs) are proteins that localize at intercellular tight 
junctions along with occludin and claudins[68]. Apart from endothelial cells and 
epithelial cells, JAM family members are expressed on leukocytes and platelets[69, 70]. 
JAMs belong to the immunoglobulin (Ig) superfamily of proteins and are implicated in 
tight junction formation[71], monocyte transmigration[68], platelet activation[70], 
angiogenesis[72, 73], cancer metastasis[130] and attachment of mammalian reovirus[8, 
131]. The JAM family includes JAM-A, JAM-B, JAM-C, JAM-4, and JAML 
proteins[132].  
JAM-A was first discovered as an antigen on platelets for the F11 monoclonal antibody; 
engagement of platelets by F11 mediates granule release, fibrinogen binding, and 
aggregation[76]. JAM-A was subsequently found to localize at regions of intercellular 
contact in epithelial and endothelial cell tight junctions[68]. While JAM-A is capable of 
undergoing only homophilic interactions within the JAM family, JAM-B and JAM-C are 
capable of both homophilic and heterophilic interactions with each other[133]. Support 
for JAM-A-mediated homophilic adhesion comes from the observation that transfected 
CHO cells show localization of JAM-A to regions of cell-cell contact formed between 
transfected cells[77]. Inhibition of monocyte transmigration by monoclonal antibody 
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BV11, which inhibits homophilic JAM-A interactions, strongly suggests that JAM-A-
mediated interactions between monocytes and endothelial cells are important for 
transmigration[68]. JAM-A also can undergo heterophilic interaction with leukocyte 
function associated antigen-1 (LFA-1, αLβ2 integrin) expressed on neutrophils and T 
lymphocytes[80]. These findings suggest that a complex interaction of both heterophilic 
and homophilic interactions mediated by JAM-A facilitate the transmigration process. 
Furthermore, antibodies binding to the JAM-A homodimer interface have also been 
shown to delay the recovery of transepithelial resistance highlighting the importance of 
homophilic JAM-A interactions in regulating the tight junction barrier[71, 78]. Finally, 
JAM-A acts as a receptor for the reovirus attachment protein σ1.  
Despite significant biochemical evidence for JAM-A homophilic interactions, neither the 
strength nor the kinetics of these interactions are well characterized. This chapter focuses 
on the use of single molecule force spectroscopy to understand the interactions of JAM-A 
with itself and with the reovirus attachment protein σ1. 
5.1.1 Structure and organization of JAMs 
Structurally, all JAM proteins contain an N-terminal signal peptide, an extracellular 
region composed of two Ig-like domains (a membrane-distal, N-terminal D1 domain and 
a membrane-proximal, C-terminal D2 domain), a single membrane-spanning domain and 
a short cytoplasmic tail (Fig. 5.1). The cytoplasmic tail interacts with PDZ domain-
containing scaffolding proteins including ZO-1, while the D1 domain interacts with the 
D1 domain of an opposing JAM-A molecule to form physiologically relevant 
homodimers. While the extracellular domains of JAM-A undergo N-glycosylation, the 
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cytoplasmic segments have putative phosphorylation sites for protein kinase C (PKC) and 
protein kinase A (PKA). Evidence suggests that similar to occludin, phosphorylation 
might be critical for targeting JAMs to the intercellular junction complex[134]. The 
significance of N-glycosylation of the extracellular domains of JAMs currently remains 
unknown. 
 
Figure 5.1 Schematic depiction of the basic structure of JAMs. The extracellular segment 
contains two Ig-like loops while the short cytoplasmic segment interacts with several adaptor 
molecules[135]. 
 
Crystal structures of murine and human JAM-A (mJAM-A and hJAM-A) show that the 
N-terminal D1 domains of two JAM-A monomers interact to form homodimers (Fig. 
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5.2). The model proposed for JAM-A organization at intercellular junctions, based on the 
crystal structure of murine JAM-A (which was determined before hJAM-A), was one in 
which JAM-A dimers belonging to one cell trans- interacted with corresponding dimers 
from the adjacent cell to form an extensive network (Fig. 5.3a)[74]. However, when the 
crystal structure of hJAM-A was resolved, similar contact between dimers was not 
observed[136]. The fact that hJAM-A crystal structure was different from that of mJAM-
A strongly suggested that JAM-A interactions are extremely weak and that the observed 
networking was probably due to crystal packing forces rather than true interactions. 
 
Figure 5.2 Crystal structure of JAM-A homodimers showing the interaction between the N-




Furthermore, it was also proposed that JAM-A dimer itself could form the physiological 
contact between adjacent cells[136]. Combining the information from the crystal 
structures with the fact that a significant amount of JAM-A has been shown to exist in 
monomeric form in solution, strongly favors a model in which trans-interactions occur 
between JAM-A monomers from adjacent cells (Fig. 5.3b)[137]. 
5.1.2 Role of JAMs in physiological functions and in disease 
As briefly referred to earlier, JAMs play an important role in several physiological as 
well as pathological functions. One of the most important physiological functions in 
which JAMs in general and JAM-A in particular, play an important role is inflammation. 
During inflammation, white blood cells adhere to the endothelial cells on the vessel wall. 
Following adhesion, the white blood cells transmigrate across the vessel wall through the 
endothelial cell junctions. Major steps in the process of inflammation include capture, 
rolling, adhesion and transmigration of the white blood cells (Fig. 5.4). 
While capture, rolling and adhesion are primarily mediated by selectins and their ligands, 
transmigration is significantly dependent on interactions mediated by integrins (e.g. αLβ2) 
and JAMs. The importance of JAM-A in inflammation is further supported by the fact 
that antibodies against JAM-A inhibit infiltration and migration of white blood cells at 
sites of inflammation. It has been suggested that JAM-A on endothelial cells form a 




        (a) 
 
(b) 
Figure 5.3 Models proposed for the organization of JAM-A at the intercellular contact sites (a) 
network of trans-interacting dimers (b) dimers of JAM-A formed between monomers from 





Figure 5.4 Schematic of the different processes constituting white blood cell transmigration 
across endothelial cells during inflammation. JAMs are important for the paracellular migration 
of the white blood cells[6]. 
 
Apart from its role in transmigration, JAM-A plays an important role in the formation 
and regulation of tight junctions. Monoclonal antibodies against the dimer interface of 
JAM-A have been shown to impede the re-formation of tight junction barrier when it was 
disrupted by calcium depletion. JAM-A expression has also been shown to enhance the 
localization of ZO-1 and occludin to intercellular contacts underlining its importance in 
the formation of tight junctions. Furthermore, JAM-A has also been shown to be 
important for targeting PAR-3, which is essential for the establishment of polarity in 
epithelial cells. JAM-A has also been shown to play an important role in regulating 
platelet function. Activation of JAM-A on platelets by antibodies has been shown to 
cause platelet aggregation, fibrinogen adhesion and degranulation. Using JAM-A 
deficient mice, it has been demonstrated that JAM-A plays an important role in fibroblast 
growth factor-2 (FGF-2) induced angiogenesis[73, 138]. Furthermore, it has been shown 
that FGF-2 induced angiogenesis requires the cytoplasmic domain of JAM-A. Based on 
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these results, it has been proposed that FGF-2 dissociates JAM-A/αvβ3 complex. The free 
JAM-A then activates the MAP kinase pathway resulting in downstream signaling that 
enhances angiogenesis[72]. JAM-A has also been shown to play an important role in 
regulating migration in cancer cells, dendritic cells and endothelial cells[139-141]. 
The functions of JAM-B and JAM-C have been less well studied in comparison to JAM-
A. In contrast to JAM-A, which is widely distributed in various tissues, JAM-B and 
JAM-C have restricted tissue expression. JAM-B has been shown to be expressed in only 
endothelial cells while JAM-C is expressed by endothelial cells, epithelial cells and 
leukocytes[135]. JAM-B (also known as VE-JAM) on endothelial cells has been shown 
to undergo heterophilic interactions with JAM-C expressed on immune cells (T-cells, NK 
cells and dendritic cells)[133]. Antibodies to JAM-B and JAM-C have been shown to 
block leukocyte extravasation and inflammation in skin suggesting that they play an 
important role in contact dermatitis. Furthermore, apart from its role in inflammation, 
JAM-C has also been shown to mediate interactions between cancer cells and endothelial 
cells[130]. Taken together with the fact that JAM-A inhibition contributes to increased 
migration in breast cancer cells, this strongly suggests that JAMs may play an important 
role in cancer cell invasion and metastasis[139]. 
In addition to its physiological functions, JAM-A acts as a receptor for each of the three 
known serotypes of mammalian orthoreovirus (reovirus)[8]. Reoviruses are important 
experimental models for studying viral pathogenesis[142]. Both murine and human JAM-
A proteins serve as receptors for reovirus. Reovirus engages JAM-A via the attachment 
protein σ1. σ1 is a filamentous trimer with an N-terminal tail and a C-terminal head. The 
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head domain of σ 1 binds to JAM-A, while the tail domain recognizes cell-surface 
carbohydrate, which is sialic acid for serotype 3 strains (Fig. 5.5)[143, 144].  
 
Figure 5.5 Schematic depiction of the crystal structure of the trimeric reovirus attachment protein 
σ1. The head segment engages JAM-A while the tail segment interacts with surface carbohydrate 
residues e.g. sialic acid residues[144]. 
 
Mutational and biochemical studies suggest that σ1interacts JAM-A via its dimer 
interface, probably by forming salt bridges similar to those formed between JAM-A 
monomers[145]. Also, surface cross linking of JAM-A in transfected CHO cells using 
BS3 makes them resistant to reovirus infection strongly suggesting that σ1 engages 





5.1.3 SMFS of homophilic JAM-A interactions and JAM-A interactions with 
reovirus attachment protein σ1 
Though several biochemical and mutational studies have provided significant information 
on the role of JAM-A in various physiological functions and its interactions with reovirus 
attachment protein σ1, details of adhesion kinetics involving molecular interactions 
between these molecules have not been well studied. Recently, surface plasmon 
resonance (SPR) has been used to elucidate the kinetics of σ1/JAM-A interactions[145]. 
However, the SPR studies have several drawbacks. Firstly, the experiments were 
performed in non-physiological conditions using surface immobilized pure GST-JAM-A 
protein. Secondly, the GST-tag present on the N-terminal end of JAM-A is very likely to 
interfere with the interactions of σ1 with JAM-A. Finally, homophilic JAM-A 
interactions were undetectable using SPR. To overcome these disadvantages we have 
used single molecule force spectroscopy to characterize homophilic JAM-A interactions 
and interactions of σ1 with JAM-A. Cantilevers functionalized with either mouse JAM-A 
tagged with human Fc fragment on the C-terminal end (Fc/mJAM-A) or purified σ1 head 
domain were used to probe L-fibroblasts. L-fibroblasts are mouse fibroblasts that express 
JAM-A (mJAM-A) and are susceptible to infection by reoviruses[143, 146]. Fc tag on the 
C-terminal end ensured that there was no interference to the binding domains involved in 
the interactions. Using purified σ1 head domain ensured that interactions between the tail 
segment of σ1and sialic acid residues on L-cells were not probed. The use of L-cells 
ensured that JAM-A receptors were being probed in their natural state. Furthermore, 
since the JAM-A residues participating in the interactions with JAM-A and with σ1 are 
conserved between human mouse JAM-A, the results obtained are very likely applicable 
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to human JAM-A (hJAM-A). The results of the SMFS experiments provide a better 
insight into the biophysical basis for the different functions of JAM-A as a regulator of 
tight junctions and as a receptor for reovirus. 
5.2 Methods and Materials 
The atomic force microscopy setup for single molecule force spectroscopy experiments, 
cantilever functionalization with JAM-A/Fc fusion protein and σ1 head domain, data 
acquisition and analysis are described in detail in Chapter 3.  
5.3 Results 
5.3.1 Force spectroscopy of mJAM-A/L-cell interactions 
The mJAM-A/Fc chimeric protein was linked to the AFM tip using an anti-Fc antibody. 
This strategy was chosen to provide optimal accessibility of the N-terminal D1 domain of 
mJAM-A, which is involved in both JAM-A dimer formation[74, 136] and interactions 
with σ1[145, 147]. Force-distance curves for homophilic mJAM-A interactions were 
obtained by probing L-fibroblasts using these functionalized cantilevers (Fig. 5.6). The 
functionalized cantilever was lowered onto a single well adherent L-cell. A contact force 
of 200pN was applied for 1ms by the cantilever before it was retracted at velocities of 1, 
2.5, 5, or 10µm/s. More than 500 force-distance curves were obtained for each velocity at 
an adhesion probability of < 30%. Force-distance curves showing a clear single rupture 




Figure 5.6 Schematic depiction of the SMFS setup for probing homophilic JAM-A interactions 
and JAM-A interactions with reovirus attachment protein σ1[148]. 
 
 
Figure 5.7 Typical force-distance curves with bond rupture events (bold arrows) and tether 
formation (dashed arrows). The loading rate for a given bond rupture event (Fr) was calculated by 
multiplying the slope (rf/vr) of the reproach curve prior to the rupture event by the reproach 
velocity of the cantilever. 
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Control experiments performed using anti-Fc antibody functionalized tips showed few 
adhesion events, indicating that the interactions being measured were specific to 
interactions mediated by JAM-A (Fig. 5.8). 
 
Figure 5.8 Histograms of bond rupture frequencies observed for different interaction types at 
reproach velocity of 5µm/s. A contact force of 200pN and a contact time of 1ms were used for all 
experiments. Control experiments showed few adhesion events. Each histogram represents data 
analyzed from over 500 force curves. 
 
All the receptor/ligand pairs tested, corresponding to the histograms shown in Fig. 5.8, 
are listed in Table 5.1. Following the method used by Hanley et al.[83] and Panorchan et 
al.[85], rupture force measurements were binned by increments of 50 pN/s for loading 
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rates between 100 and 1000 pN/s and by increments of 500 pN/s for loading rates 
between 1000 and 10,000 pN/s. Each bin yielded a mean rupture force. By plotting the 
mean rupture force as a function of loading rate and extrapolating the fitted line, the 
unstressed dissociation rate (kooff) and reactive compliance (xβ) were extracted using 
Bell’s model (Fig. 5.9 and Eq. 2.6  in Chapter 2). 
Table 5.1 List of different interactions probed using AFM corresponding to the histograms 
depicted in Figure 5.8. 
 
Interaction Type AFM Tip Substrate  
1. Ctrl_antiFc_mJAM-A Anti-Fc only L cells 
2. mJAM-A_mJAM-A Fc-mJAM-A L cells 
3. Ctrl_mJAMA PEG + BSA only L cells 
4. σ1_mJAM-A PEG + σ1 head L cells 
5. σ1_mJAM-A_mica PEG + σ1 head Fc-mJAM-A  on  
 
 
Figure 5.9 Loading rate curves for mJAM-A/mJAM-A and σ1 head/mJAM-A interactions. The 
loading rate and rupture force were obtained from the force curves. The data points were binned 
as described in the text. The mean rupture force values for each bin were plotted against the 
logarithm of the corresponding loading rate. 
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Homophilic mJAM-A interactions showed an increase in bond rupture force with 
increasing loading rate. Fitting the data points to a line, the kooff for mJAM-A interactions 
was found to be 0.688 ± 0.349 s-1 (Table 5.2). The bond dissociation time (1/ kooff) for 
mJAM-A interactions is very low when compared to that of σ1/mJAM-A interactions 
(see below). A low bond dissociation time is consistent with the physiological functions 
attributed to JAM-A in regulating tight junction permeability. The short bond life time 
imparts a highly dynamic nature to the interactions between JAM-A molecules necessary 
for the cell to regulate solute and solvent diffusion across the tight junction barriers. An 
interesting feature of the mJAM-A force-distance curves was the formation of occasional 
“tethers.” These force-distance curves are distinguished by the fact that the bond rupture 
is preceded by a long horizontal stretch of cantilever movement without any deflection 
(dashed arrow, Fig. 5.7). This observation might be attributed to the formation of 
membrane tethers due to the interaction of mJAM-A on the tip with a free molecule of 
mJAM-A on the cell (not linked to the cytoskeleton).  
Table 5.2 Parameters extracted by extrapolating the loading rate curves shown in Figure 5.9. 
 
Molecular pairs        k0off         xβ        Cell line  
mJAM-A / mJAM-A 0.688 ± 0.349 0.547 ± 0.060 L-cells 
mJAM-A / σ1 head 0.067 ± 0.041 0.817 ± 0.073 L-cells 
*Cldn1/Cldn1 1.35 ± 1.31 0.36 ± 0.06 Recombinant proteins[92] 
*Data presented for claudin-1 has been taken from previous work. 
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Alternatively, this pattern could have been produced by dissociation of mJAM-A on the 
cell membrane from its cytoplasmic adaptor or cytoskeleton. Force-distance curves 
showing such tethers were excluded from the loading rate curve analysis. 
5.3.2 Force spectroscopy of σ1/L-cell interactions 
For functionalizing tips with σ1 head domain, one end of a homo-bifunctional 
polyethylene glycol spacer (approximately 15 nm in length and containing amino groups 
at both ends) was attached to the silanized AFM tips using bis (Sulfosuccinimidyl) 
suberate (BS3) while the untagged σ1 head domain was linked to the other end of the 
spacer using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC). 
EDC is a “zero-length” cross linker that covalently links an amino group to a carboxylic 
acid group[117].  The PEG spacer was used to provide enhanced flexibility for the 
covalently attached σ1 head domain. The σ1 head domain has several surface-exposed 
aspartic and glutamic acid residues, which could engage the free amine group of the 
spacer in the presence of EDC via their carboxylic acid groups. The strategy chosen 
maximizes the probability that the JAM-A binding site of the σ1 head domain will 
contact JAM-A. 
Force-distance curves for σ1/mJAM-A interactions were obtained on L-fibroblasts with 
tips functionalized with σ1using an analogous approach. The data were analyzed using 
Bell’s model to extract the unstressed dissociation rate (kooff) and reactive compliance 
(xβ) (Fig. 5.9 and Table 5.2). The unstressed dissociation rate (kooff) obtained for 
σ1/mJAM-A interactions (0.067 ± 0.041 s-1, Table 5.2) was much less than that obtained 
for homophilic mJAM-A interactions. These findings indicate that the bond half-life (t1/2) 
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of the σ1/mJAM-A interaction is greater (by almost ten-fold) than that of the homophilic 
mJAM-A interaction. A long bond half life (t1/2 or 1/kooff) might facilitate stable 
adherence of the virus to the cell and help in its entry. 
To ensure that the mJAM-A-binding domain of σ1remained accessible after it was cross-
linked to the AFM tip, control force curves were obtained using mica cover slips 
functionalized with mJAM-A. The force histogram profile obtained using these 
functionalized mica cover slips probed with σ1-functionalized tips was similar to that 
obtained using L cells (Fig. 5.8, Table 5.1). Furthermore, mica functionalized with BSA 
showed few adhesion events when probed with the σ1-functionalized tips. Therefore, the 
method used to cross-link σ1to the AFM tip did not adversely affect interactions of the 
σ1head domain with mJAM-A. 
5.3.3 Energy landscape for dissociation of mJAM-A/mJAM-A and σ1/mJAM-A 
complexes 
Dissociation of mJAM-A/mJAM-A and σ1/mJAM-A complexes was found to follow a 
single step energy activation barrier process. The topography of the energy landscapes of 
the dissociation of mJAM-A/mJAM-A and mJAM-A/σ1 complexes can be compared by 
plotting the geometric locations of their bound states on the same reactive coordinates 
(Fig. 5.10). The unstressed off rate (kooff) for the two interactions can be used to estimate 
the energy difference (∆G) between the activation barriers of mJAM-A/mJAM-A and 
mJAM-A/σ1 complex dissociation and is given by[149]: 
)1.5()/ln( 0 AkTkG mJAMB−=∆  
  )2.5()/ln( 01 AkTkG B σ−=∆  
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Here 0mJAMk  and 
0
1σk  denote the unstressed dissociation rate constants of the mJAM-
A/mJAM-A and σ1/mJAM-A interactions respectively and A is a constant derived from 
frequency pre-factors in the dissociation process. The absolute energy values of each 
barrier from the level of the bound state cannot be confirmed due to the uncertainty of 
constant A. However, the relative positions of the energy barriers can be determined 
using βx . To compare the topography of the energy landscape of the dissociation of 
mJAM-A/mJAM-A and σ1/mJAM-A interactions, the geometric locations of their bound 
states were plotted on the same reactive coordinates. It should be stressed that 
dissociation pathways for mJAM-A/mJAM-A and σ1/mJAM-A interactions may take 
different reactive coordinates in general. The analysis reveals that the activation barrier of 
the σ1/mJAM-A complex is 2.33 TkB  higher than that of mJAM-A/mJAM-A complex 
(Fig. 5.10) indicating that σ1/mJAM-A forms a more stable bond when compared to 
mJAM-A/mJAM-A interaction. 
5.4 Discussion and Conclusions 
We used single molecule force spectroscopy to elucidate the kinetics of homophilic JAM-
A/JAM-A interactions and interactions between JAM-A and the reovirus σ1 protein. 
Although mJAM-A was used in this study, residues mediating interactions between JAM-
A dimers are conserved between mJAM-A and hJAM-A, and both mJAM-A and hJAM-
A bind reovirus σ1[74, 136]. Thus, our results are likely applicable for both human and 







Figure 5.10 Energy landscapes for the dissociation of σ1/mJAM-A and mJAM-A/mJAM-A 
constructed based on the kinetic parameters obtained from SMFS experiments. 
 
While both mJAM-A and σ1 interact specifically with L-cells, we find that  σ1/L-cell 
interactions have a substantially longer half-life (t1/2) than mJAM-A/L-cell interactions. 
The lack of adhesion events in control experiments strongly suggests that these 
measurements describe specific interactions with mJAM-A on the surface of L cells. The 
observed kinetic parameters of homophilic mJAM-A interactions closely resemble that of 
claudin-1(Table 5.2)[92]; another tight junction protein which is also involved in 
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and dissociation between adjacent cells has also been observed using the corresponding 
GFP tagged proteins[150]. It is likely that such dynamic interactions provide the cell with 
a better platform to regulate solute flux. Furthermore, since JAM-A (and other TJ 
proteins) is linked to the actin cytoskeleton, it is likely that forces from within the cell are 
conveyed to the trans-interacting JAM-A molecules (and other TJ proteins) via the actin 
filaments. Based on Bells model, such externally acting forces on these molecules can 
alter their adhesion kinetics significantly. This could probably be an important method 
for the cell to regulate the permeability of the paracellular barrier in response to various 
extracellular signals.  
The differences in half-life for homophilic JAM-A and σ1/JAM-A interactions are 
consistent with published findings. When JAM-A dimers are mixed with σ1 in solution, 
σ1 displaces JAM-A from the dimer interface, presumably by binding to a region near 
this interface. Therefore, once formed, the σ1/JAM-A complex is more stable in solution 
than the JAM-A/JAM-A homodimers. At this juncture it is not possible to ascertain the 
exact underlying cause for the difference in the unstressed off rate for the two interactions 
despite a significant overlap between the predicted σ1 binding site on JAM-A and the 
JAM-A dimer interface. However, we speculate that the differences could have arisen 
from (a) formation of additional contacts between σ1and JAM-A that could ‘cement’ or 
strengthen the σ1/JAM-A interaction after the initial complex formation (b) presence of 
an as yet unknown receptor for σ1 head domain that could be recruited following σ1 
binding to JAM-A. It has been shown previously that the tail portion of σ1 can interact 
with sialic acid residues present on L-cells. We used purified σ1 head domain in our 
experiments that did not possess the tail portion and hence it is unlikely that the observed 
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difference was due to sialic acid residues. However, it is possible that the head domain 
has other binding partners which could strengthen the interaction following the initial 
complex formation with JAM-A.  
An important aspect of homophilic interactions mediated by JAM-A is whether we are 
probing monomer-monomer interactions or dimer-dimer interactions. Such a difference 
cannot be resolved based on SMFS studies unless there are two distinct force peaks that 
belong to the different interactions. In our SMFS studies on homophilic JAM-A 
interactions, we neither observed multiple peaks in the force histograms nor clustering of 
data points into multiple regions in the loading rate curve. However, the crystal structure 
data of JAM-A and previous biochemical studies strongly suggest that the rupture events 
detected in our SMFS experiments arise from interactions between two JAM-A 
monomers. Firstly, it has been observed that a significant amount of JAM-A exists in 
monomeric form in solution[137]. Secondly, cross linking studies performed on JAM-A 
in solution using BS3 followed by gel electrophoresis revealed bands corresponding to 
monomers and dimers only. No bands corresponding to higher order oligomers e.g. 
tetramers were observed[137]. Thirdly, crystal structures of hJAM-A and mJAM-A are 
significantly different from each other suggesting that the dimer-dimer interaction 
network proposed for mJAM-A probably results from crystal packing forces rather than 
actual interactions occurring between two dimers[136]. Finally, the antibody J10.4, which 
binds JAM-A and prevents its dimerization, also delays transepithelial resistance 
recovery following calcium switch[78]. Taken together, these facts strongly suggest that 
the dominant homophilic JAM-A interactions occurring in solution as well as between 
cells is mediated by monomers. 
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In conclusion, results presented here show how the kinetic differences of protein 
interactions probed using single molecule force spectroscopy experiments, bear 
correlation to their physiological functions. Future experiments using JAM-A with 
mutated residues could help in clarifying the observed differences in JAM-A/JAM-A and 




6 Mechanical Strain Induced Alterations in the Expression 
and Localization of Tight Junction Proteins in MDCK Cells 
6.1 Introduction 
All types of cells and organisms are continuously subjected to mechanical forces though 
the type and magnitude of these forces may differ. For example, bone and cartilage cells 
are subjected to large compressive and tensile forces, endothelial cells lining the blood 
vessels are subjected to shear stress and epithelial cells lining the airways and gut are 
subjected to mechanical strain during respiration and peristalsis. Apart from stresses 
arising from normal physiological processes, cells are subjected to mechanical strain in 
certain diseased states as well, e.g. during obstruction of the gut or ureters and during 
artificial ventilation. During such diseased states, cells can be subjected to mechanical 
strains of large magnitude.  
Cells are, however, not passive absorbers of the stresses and strains that are imposed on 
them. Over time, they have developed a highly organized system of surface 
mechanosensors and signaling pathways that allow them to convert externally acting 
forces into biological processes. This phenomenon is termed as mechanotransduction. 
Important biological processes that are regulated by externally acting forces include cell 
morphology, orientation[151], proliferation[152], differentiation[153], migration, protein 
expression and protein localization[39]. Previous studies have been carried out to 
investigate the effect of mechanical strain on the expression of specific genes, 
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localization of proteins and organization of cytoskeleton in a wide variety of cell types 
like cardiomyocytes[154-157], fibroblasts[158-161], osteocytes[162-164] and 
chondrocytes[165-167]. However, few studies have focused on investigating the 
alterations in the expression and localization of intercellular adhesion proteins in 
response to external mechanical strain. Considering that tight junction proteins and the 
associated adaptor proteins act not merely as regulators of the paracellular pathway, but 
also as important regulators of cell proliferation; we have explored the possibility that 
intercellular adhesion proteins, particularly tight junction proteins and their associated 
adaptor molecules, play an important role in modulating cellular responses to external 
mechanical strain.  
6.1.1 Mechanosensing, Mechanotransduction and Mechanoresponse 
The effect of external stresses and strains on cells is a result of a complex interplay 
between the proteins that act as sensors for converting the force into biochemical signals 
(mechanosensors) and the intracellular signaling pathways that activate the downstream 
effectors (Fig. 6.1). 
The most well established mechanosensors are mechanosensitive (MS) ion channels and 
integrins. The existence of MS channels was first predicted based on the ability of E. coli 
to resist osmotic shock. Experiments supported the presence of “emergency release 
valves” in these bacteria that allowed solutes to diffuse out when they were subjected to 
hypo-osmotic shock. The search for these “valves” finally led to the discovery of 
mechanosensitive (MS) ion channels in bacteria[168, 169]. While the MS channels in 
prokaryotes have been well characterized in terms of both structure and function, MS 
115 
 
channels in eukaryotes have been identified only recently and include TREK-1 and 
TRAAK in mammalian neurons, MEC in C.elegans, TRPC1 in Xenopus and SAKcaC in 
chick hearts. 
Signaling pathways
Gene expression, cytoskeleton 
reorganization, cytoplasmic calcium level 
changes, etc.
Cell proliferation differentiation, 






Figure 6.1 Schematic depiction of how externally applied mechanical forces are 
converted into observable cellular responses[12]. 
 
Functionally, MS channels form transmembrane pores. The opening and closing of these 
pores is regulated by the tension in the cell membrane. The influx of ions through these 
channels can trigger several signaling cascades. Though Na+ and K+ ion influx may play 
an important role in the down stream signaling activated by MS channels in some cases, 
the most important pathways seem to be mediated by Ca2+ and as discovered recently, by 
MS release of chemical transmitters, notably ATP. 
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Integrins and their cytoplasmic adaptor proteins have also been shown to play an 
important role in regulating cellular response to externally applied mechanical force. 
Integrins are heterodimeric transmembrane proteins that mediate cell-extracellular matrix 
interaction (ECM)[170, 171]. Interaction of integrins with ECM proteins is followed by 
recruitment of several adaptor proteins like paxillin and focal adhesion kinase on their 
cytoplasmic side. It has been proposed that there are two possible ways in which integrins 
could act as mechanosensors: the first is the possibility that they open MS channels 
existing in their vicinity, leading to ion influx and signal initiation[172]. Alternatively, 
external forces can induce a change in the structure and/or relative positions of the 
adaptor molecules associated with the cytoplasmic domain of integrins. This relative 
change in the position and/or structure could open up cryptic molecular recognition sites 
in the proteins that could trigger the cascading of the signals[173]. Integrins act as a 
starting point for a number of important signaling cascades among which are the FAK 
(focal adhesion kinase) pathway and the Fyn/SHC pathway[174]. While the FAK 
pathway activates both the classical Erk1/2 pathway and the JNK pathway, Fyn/SHC 
predominantly activates Erk1/2 pathway. Apart from MS channels and integrins, some 
other proteins have also been proposed to act as mechanosensors. Among these are the G-
protein coupled receptors[175], receptor tyrosine kinases and intercellular adhesion 
molecules[176]. There are several important signaling pathways that are activated by 
mechanosensors important among which are the mitogen activated protein kinase 




(a) MAPK pathway: MAPK or Mitogen Activated Protein Kinase is one of the most 
important pathway that regulates several cellular activities. The three major MAPK 
pathways are the ERK1/2 (Extracellular signal-regulated kinase), JNK (c-jun NH2-
terminal Kinase) and p38 MAPK pathways (Fig. 6.2). The Erk1/2 pathway is activated by 
growth factors and other cell survival signaling factors. The first step in the activation of 
ERK1/2 pathway is the activation of Ras. Mechanical strain can activate Ras either 
through integrins, receptor tyrosine kinases or by Ca2+ influx through MS channels. 
Activated Ras can then activate Raf which activates MEK1 which in turn can activate 
ERK1/2. Activated ERK1/2 enters the nucleus and binds to several transcription factors 
and regulates the expression of a number of different genes necessary for cell survival 
and proliferation. Activation of the MEK1-ERK1 pathway followed by an increase in 
activated Elk1 in response to mechanical strain has been demonstrated in human dermal 
fibroblasts[177]. Similarly, mechanical strain induced mitogenic activity in a Caco-2 cell 
line has been shown to be mediated by ERK1[178]. Previous studies have also shown 
that mechanical stretch induces ERK1 activation in alveolar epithelial cells. However, the 
increase in ERK1 in these cells was mediated through G protein coupled receptors 
(GPCR) rather than through Ras and Raf[175]. These facts suggest that mechanical 
stretch mediated activation of ERK1/2 is probably a convergence point of multiple 
pathways. The SAPK/JNK (stress activated protein kinase or c-jun NH2-terminal Kinase) 
pathway, on the other hand, is activated in cells in response to various kinds of stresses 
e.g.  exposure to UV radiation, oxidative agents and osmotic shock[179, 180]. JNK can in 
turn regulate several transcription factors and has a significant inhibitory effect on cell 
proliferation[181]. Furthermore, activation of JNK pathway in response to mechanical 
118 
 
strain has been shown in cardiomyocytes[182] and tendon fibroblasts[183]. In endothelial 
cells, activation of JNK is associated with exposure to both fluid shear stress and cyclic 
mechanical strain[184]. The p38 MAPK pathway, similar to the JNK pathway, is also 
activated in response to cellular stress and has a predominantly inhibitory effect on cell 
proliferation. Several nuclear events are associated with the activation of MAPK 
pathways. Expression of a number of transcription factors is modulated by MAPK 
pathway e.g. AP-1, Elk-1 and Egr-1. These transcription factors in turn regulate various 
cellular processes such as protein expression, cell proliferation, and differentiation.  
(b) PLC pathway:  There are several isoforms of phospholipase C (PLC) and its 
activation is central to a number of signaling pathways.  Activated PLC converts PIP2 
(Phosphatidyl Inositol bisPhosphate) into IP3 (Inositol triphosphate) and DAG (Diacyl 
Glycerol) (Fig. 6.3). IP3 is a potent stimulator for intracellular Ca2+ release from the 
endoplasmic reticulum while DAG activates protein kinase C (PKC). Protein kinase C, in 
turn, is involved in regulating the transcription of several proteins that are involved in 
various cellular functions. Furthermore, PKC can also activate the MAPK pathway 
thereby controlling cell proliferation. Though the better established activators of PLC 
involve a variety of extracellular ligands that bind to G-protein coupled receptors, PLC 
has also been shown to be activated by mechanical stress.  In fact, PLC activation has 
been shown to play an important role in regulating cell proliferation in response to 

















Figure 6.2 Schematic depiction of the three important MAPK pathways involved in 
controlling cell proliferation and apoptosis. 
 
 
Figure 6.3 Schematic depiction of the PLC pathway. Activation of PLC can result from 
either ligand binding or mechanical stress[185]. 
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 (c) NO pathway: Nitric oxide (NO) is an important molecule that has been shown to be 
important in neuronal synapses, blood vessel dilatation and immune responses. There are 
three different enzymes that catalyze the production of NO. Endothelial NO synthase 
(eNOS) and neuronal NOS (nNOS) are constitutively expressed enzymes whose 
expression is regulated by Ca2+ levels in the cell. The inducible NO synthase (iNOS), on 
the other hand, is a Ca2+ independent enzyme whose regulation is transcriptionally 
regulated in response to a number of external stimuli[112]. NO can either act directly on 











Figure 6.4 Schematic depiction of the NO pathway. NO generated from arginine by the 
action of NOS can regulate functions either directly or through formation of cGMP. 
 
 Mechanical strain and shear stress have been shown to modulate iNOS in a variety of 
different cell types including endothelial cell, osteoblasts, cardiomyocytes and epithelial 
cells. For example, cardiomyocytes subjected to mechanical strain show decreased NO, 
iNOS mRNA as well as iNOS levels[186]. Similarly MDCK cells subjected to 
mechanical strain have been shown to produce less NO compared to control cells[115]. 
However, osteoblasts and tendon fibroblasts subjected to mechanical strain have been 
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shown to produce increased NO[187, 188]. Furthermore, NO has been shown to inhibit 
cell proliferation as well as increase cell proliferation depending on the cell type[115, 
189]. Together, these facts strongly suggest that mechanical strain induced NO 
expression as well as its effects on cellular processes are highly dependent on the type of 
cell being investigated. 
6.1.2 Mechanical strain and intercellular adhesion proteins 
As mentioned in the previous section, extensive work has been done to characterize the 
effect of mechanical strain on some of the important cell signaling pathways like MAPK 
and PLC pathway. However, few studies have focused on studying the possible 
involvement of intercellular adhesion molecules in relation to mechanical strain induced 
changes in cellular functions.  Previous studies have focused on studying the role of e-
cadherins and β-catenin in regulating cellular functions in response to mechanical strain 
as well as shear flow. For example, β-catenin activation has been shown to be inhibited in 
colon cancer cells subjected to shear flow[190]. Alteration in the expression of VE-
cadherin and β-catenin in response to shear stress has also been observed in endothelial 
cells[191]. Furthermore, it was observed that application of mechanical force to e-
cadherins using magnetic beads functionalized with antibodies directed against the 
cytoplasmic domain of e-cadherin leads to activation of ion channels[176]. 
Similar to e-cadherins, tight junctions are also localized at intercellular junctions. They 
are associated with adaptor molecules like ZO-1/-2/-3 which link them to the actin 
cytoskeleton. Furthermore, the ZO group of proteins are also important in regulating cell 
proliferation. Targeting of ZO-1 to the intercellular junctions is associated with the 
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sequestration of the transcription factor ZONAB from the nucleus to the cell periphery. 
Nuclear ZONAB is associated with an increase in cell proliferation which is mediated via 
cell division kinase (CDK) 4[192, 193]. Hence, localization of ZO-1 to the intercellular 
contact is associated with a decrease in cell proliferation due to ZONAB sequestration.  
Studies have also shown that ZO-2 can inhibit cell proliferation due to its ability to 
repress cyclin D1[194]. Furthermore, ZO-2 also modulates the expression of genes 
containing promoters for the transcription factor AP-1(Activated Protein-1)[195]. The 
localization of TJ protein at intercellular adhesion and their association with transcription 
factors that play an important role in cell proliferation make them highly likely 
candidates for responding to externally applied mechanical strain. However, few studies 
have explored this possibility.   Moreover, the study of the effects of mechanical strain on 
cells not only helps us in understanding a number of physiological functions, but also 
provides an insight into the pathogenesis of several diseases. 
6.2 Methods and Materials 
The design and calibration of the cell stretching device has been described in detail in 
chapter 3. MDCK cells seeded on silicone membranes and grown to confluence were 
subjected to a mechanical strain of 20% for 24 hours at a frequency of 0.25Hz. These 
values of strain and frequency were used because they represent values corresponding to 
an in vitro model of hydronephrosis. Cells were then fixed and stained for 
immunofluorescence studies or lysed for protein gel electrophoresis analysis as described 




6.3.1 Occludin expression is increased in response to mechanical strain 
Immunofluorescence images of MDCK cells subjected to mechanical strain obtained 
using laser scanning confocal microscopy showed a marked increase in the intensity of 
staining for occludin. Images for control and stretched samples were obtained under 
identical acquisition parameters for relative comparison. The intercellular boundaries as 
well as the cytoplasm of the stretched cells showed a significantly more intense staining 
for occludin as compared to control cells (Fig. 6.5). Furthermore, the increase in occludin 
expression was also confirmed using Western blots performed on lysates of control cells 
and cells subjected to mechanical strain (Fig. 6.6). Occludin bands were observed at a 
molecular weight of ~ 60kD. The two bands observed for occludin represent either 
splicing variants or molecules phosphorylated to different extents[39]. Some bands of 
higher molecular weight were also detected and probably correspond to hyper-
phosphorylated forms or oligomers of occludin. Multiple bands for occludin have also 
been observed by several other groups. Staining for JAM-A, another tight junction 
protein, did not show any significant changes either in the intensity or localization in cells 
subjected to mechanical strain (Fig. 6.7). A similar increase in occludin expression in 
response to mechanical strain has previously been observed in endothelial cells[39]. 
Considering that occludin expression directly correlates with the barrier properties of 
epithelial monolayers[64, 65], it is likely that increased occludin expression in response 
to mechanical strain is a protective mechanism on part of the cells to maintain the 
integrity of the epithelial barrier.  
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        (a)       (b) 
     
        (c)              (d) 
Figure 6.5 Laser scanning confocal microscopy images of control MDCK cells (a & c) or 
MDCK cells subjected to mechanical strain (b & d) stained for occludin obtained using a 











Figure 6.6 Western blot of lysates of control MDCK cells (Lanes 4, 5 and 6) and cells 
subjected to mechanical strain (Lanes 1, 2, and 3) stained for (a) occludin and (b) 
GAPDH as loading control. Molecular weight marker is shown on extreme left. Band 
intensities showed a significant difference using unpaired t test. 
 




(a)       (b) 
  
   (c)          (d) 
Figure 6.7 Laser scanning confocal microscopy images of control MDCK cells (a & c) or 
MDCK cells subjected to mechanical strain (b & d) stained for JAM-A obtained using a 





6.3.2 Application of mechanical strain is associated with nuclear localization of 
ZO-2 but not ZO-1  
ZO-1 and ZO-2 are adaptor molecules that localize at intercellular junctions in confluent 
monolayers[4, 58]. They link a number of cell adhesion proteins to the actin cytoskeleton. 
Furthermore, ZO-1 and ZO-2 also play an important role in regulating cell proliferation 
and gene expression[192, 194, 196]. To investigate whether mechanical strain has any 
influence on the localization or expression of ZO-1 or ZO-2, control cells and cells 
subjected to mechanical strain were immunostained for ZO-1 and ZO-2. Consistent with 
previous observations, it was observed that ZO-1 localized well to the cell boundaries and 
formed distinct intercellular junction boundaries in confluent cell monolayers. There 
were, however, no observable changes either in the localization or expression of ZO-1 in 
response to mechanical strain (Fig. 6.8 a&b).  
  
(a)            (b) 
Figure 6.8 Immunofluorescence images of (a) control or (b) cells subjected to mechanical 
strain stained for ZO-1 (scale bar = 20 µm). 
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ZO-2 also localized well to the cell boundaries and intercellular junctions in control cells. 
In contrast to ZO-1, however, ZO-2 showed a more uniform staining pattern throughout 
the cell body with a significant concentration in the nuclear region in cells subjected to 
mechanical strain (Fig. 6.9 a&b). Such a staining pattern strongly suggests that 
mechanical strain destabilizes ZO-2 localization at the intercellular junction. It has been 
shown that silencing of ZO-2 using siRNA leads to decreased occludin expression[196]. 
This suggests that nuclear localization of ZO-2 could, at least in part, be responsible for 
the mechanical strain induced increase in the expression of occludin. 
   
   (a)             (b) 
Figure 6.9 Immunofluorescence images of (a) control cells or (b) cells subjected to 
mechanical strain stained for ZO-2. Significant amount of ZO-2 is observed in the cell 
cytoplasm and nuclear region in cells subjected to mechanical strain (scale bar = 20 µm). 
 
6.3.3 Proliferation is inhibited in cells subjected to cyclical mechanical strain 
Cell proliferation studies performed using Bromodeoxyuridine (BrdU) showed that 
mechanical strain inhibited cell proliferation rate (Fig. 6.10). BrdU is a synthetic 
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analogue of thymidine and is taken up by proliferating cells for incorporation into newly 
synthesized DNA[197]. Antibodies to BrdU stain those nuclei that have incorporated it 
into the DNA. These BrdU positive nuclei represent cells that are actively proliferating. 
The ratio of the BrdU positive nuclei to that of the total nuclei in a given region 
expressed as percentage represents the proliferation rate of the cells. BrdU method was 
used for assessing the proliferation in contrast to the widely used MTT assay because the 
latter is also affected by any changes occurring in the metabolic activity of the cells.  The 
cell proliferation inhibition is also evident from the fact that cell density was lower (and 
cell size was larger) for cells subjected to mechanical strain (Fig. 6.11). Though there 
were small disruptions of the epithelial cell monolayer in some regions in cells subjected 
to mechanical strain, there were no large areas or patches of membrane devoid of cells 
suggesting that mechanical strain did not detach the monolayer form the membrane. 
There were also no obvious morphological changes in cells suggestive of apoptosis (e.g. 
bleb formation, nuclear fragmentation etc.).  
 
Figure 6.10 Cell proliferation rate assessed using BrdU uptake method. Cells subjected to 
mechanical strain show a significant decrease in proliferation rate (p<0.01 using students 
unpaired t-test). The values shown are an average of three independent experiments. Bars 




(a)           (b) 
 
   
            (c)               (d)  
Figure 6.11 Control MDCK cells (a&b) or cells subjected to mechanical strain (c&d) 
double stained for DAPI (blue) and BrdU (green). The proliferation rate was determined 
as the ratio of BrdU positive nuclei (green) to that of the total number of nuclei (blue) for 
a given region. Images were obtained on an inverted fluorescence microscope (Leica) 
using a 20x objective. 
 
It has been shown that ZO-2 can act as a tumor suppressor and can repress cyclin D1 
promoter leading to inhibition of cell proliferation[194]. Together with the fact that 
mechanical strain is associated with an increased nuclear localization of ZO-2, it is likely 
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that the inhibition of cell proliferation in response to mechanical strain is a result of 
cyclin D1 repression by ZO-2. 
6.4 Discussion and conclusions 
Using a custom built cell stretcher, the influence of mechanical strain on the expression 
and localization of specific tight junction proteins as well as on proliferation rate was 
investigated in MDCK cells. It is observed that externally applied mechanical strain is 
associated with destabilization of ZO-2 at tight junctions and that this could be one of the 
important mechanisms influencing the observed cellular responses. This observation 
strongly supports the role of tight junctions as an important link in integrating external 
mechanical strain and cellular responses.  
Previous studies carried on alveolar epithelial cells have shown that mechanical strain can 
result in disruption of occludin staining at the intercellular junctions as well as decrease 
in the overall expression of occludin[30, 113]. It was suggested that the disruption of 
occludin at the intercellular contacts could be responsible for the increased permeability 
of respiratory epithelia observed in clinical settings where alveolar epithelial cells are 
subjected to large mechanical strains e.g. artificial ventilation. Epithelial cells lining the 
renal tubules are also subjected to large mechanical strains in persons suffering from 
hydronephrosis. Hydronephrosis is the term used to refer to abnormal dilatation of the 
renal pelvis and collecting tubule system resulting from obstructions arising from the 
presence of stones, tumors, prostatic hypertrophy or congenital cysts. Large pressures 
build up in the lumen of the collecting ducts proximal to the site of obstruction resulting 
in the dilatation of the tubules and exertion of mechanical strain on the epithelial cells 
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lining the tubules. The high pressure is one of the most important causes of renal tubular 
cell death and chronic renal failure in patients suffering from hydronephrosis. We 
hypothesized that such large strains acting on renal epithelial cells could alter occludin 
expression and localization. To test this hypothesis, MDCK cells grown on flexible 
silicone membrane were subjected to external mechanical strain. MDCK cells (derived 
from epithelium of dog kidney) have been established as a model system for studying 
epithelial cells in general and as a cellular model for hydronephrosis in particular[115]. 
Contrary to expectation, there was no observable disruption in the regular and uniform 
staining pattern of occludin at the intercellular junctions. In fact, there was increased 
concentration of occludin along the intercellular junction observed as increased intensity 
in immunofluorescence staining. Furthermore, there was an overall increase in occludin 
expression in response to mechanical strain. Since renal tubular epithelial cells are 
involved in excretion of waste products of metabolism as well as in regulating the 
electrolyte balance in the body, the integrity and selectivity of the epithelial barrier is 
critical for maintaining homeostasis. It is very likely that the increase in occludin 
expression in response to mechanical strain has evolved as a protective mechanism to 
maintain the integrity of the paracellular barrier. An increase in occludin expression in 
response to mechanical strain has recently been demonstrated in endothelial cells also 
where it has been proposed to augment the paracellular barrier[39].  
ZO-2 has been shown to play an important role in regulating the expression of genes 
involved in controlling cell proliferation. Since a direct association of ZO-2 with DNA 
has not been established, most of the regulatory functions of ZO-2 stem from its ability to 
bind to and modulate the activity of other transcription factors. It has previously been 
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shown that silencing ZO-2 using siRNA leads to a decrease in expression of occludin 
suggesting that ZO-2 has a positive effect on occludin expression[196]. Furthermore, 
occludin promoter has a number of putative sites for binding of AP-1, whose 
transcriptional activity is significantly modulated by ZO-2. Consistent with this fact, in 
our experiments, it was found that there was significant nuclear localization of ZO-2 in 
cells subjected to mechanical strain. Based on these observations, we propose a model in 
which externally acting mechanical strain destabilizes ZO-2 from the tight junctions. 
Some of the ZO-2 translocates to the nucleus leading to an increase in occludin 
expression probably by binding to and inhibiting an occludin repressor or as a result of 
AP-1 activation. Furthermore, ZO-2 has also been shown to repress the cyclin D1 
promoter by binding to c-myc and recruiting HDAC[194]. Since activation of cyclin D1 
is associated with an increase in cell proliferation, nuclear localization of ZO-2 also 
explains the mechanical strain induced inhibition of cell proliferation (Fig. 6.12). It is 
very likely that the observed inhibition of proliferation rate in response to mechanical 
strain is a net result of several signaling pathways. ZO-2 mediated inhibition is probably 
only one of the several possible mechanisms. For e.g. it has been shown previously that 
MDCK cells subjected to mechanical strain show decreased production of nitric oxide 
(NO) and that supplementing the culture medium with NO donors like sodium 


















Figure 6.12 A model for explaining the mechanical strain induced changes in MDCK 
cells. ZO-2 is destabilized by the external mechanical strain leading to an increase in its 
concentration in the cell nucleus and cytoplasm. ZO-2 in turn increases occludin 
expression and inhibits cell proliferation. 
 
In conclusion, we show for the first time that mechanical strain induces occludin 
expression and inhibits cell proliferation in MDCK cells. Furthermore, these effects are 
probably a result of nuclear re-localization of ZO-2 as well as involvement of the MAPK 
pathway. It is highly likely that these responses have evolved to protect the cells from 




7 Conclusions and Future Work 
The focus of this thesis has been to understand the adhesion kinetics of specific 
intercellular adhesion molecules by applying single molecule force spectroscopy and to 
study the effect of mechanical strain on the expression and localization of specific tight 
junction proteins. The two main hypotheses around which experiments have been 
designed are that (a) single molecule force spectroscopy of interactions mediated by 
intercellular adhesion proteins can provide us with a better understanding of their role in 
regulating physiological functions and (b) expression and localization of specific 
intercellular adhesion molecules (tight junction proteins) is altered in response to 
externally applied mechanical strain. 
7.1 Conclusions 
The main contribution of this thesis has been the elucidation of the adhesion kinetics of 
specific intercellular adhesion proteins (nectin-1 and JAM-A) and the effect of 
mechanical strain on the expression and localization of tight junction proteins. The results 
and conclusions of this thesis can be summarized as follows: 
(a) The adhesion kinetics of nectin-1 mediated interactions probed by SMFS experiments 
provides a biophysical basis for their role in forming adherens junctions. Furthermore, 
SMFS experiments also reveal the existence of multiple binding interactions 
configurations between nectin-1 molecules similar to E-cadherin. While configuration I 
has a long bond half life and helps to stabilize the initial adhesion formed, configurations 
II and III have a low reactive compliance making them highly resistant to externally 
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applied force. The results, for the first time, provide a strong biophysical support for a 
cell adhesion model that has been proposed based on biochemical evidence only. 
(b) Homophilic interactions mediated by JAM-A have also been characterized, for the 
first time, using SMFS experiments. The dynamic nature of homophilic JAM-A 
interactions is physiologically consistent with its role in regulating paracellular diffusion 
as well as in trans-endothelial migration of leukocytes. Furthermore, SMFS experiments 
also reveal that interactions of reovirus attachment protein σ1 with JAM-A are much 
more stable than homophilic JAM-A interactions. Such stable interactions can not only 
help the virus in disrupting normal homophilic JAM-A interactions but also provide a 
strong foothold for the virus to enter the cell.  
(c) Alterations in the expression and localization of specific tight junction proteins in 
epithelial cells in response to mechanical strain have been investigated. Mechanical strain 
was associated with an increase in the expression of occludin as well as re-localization of 
ZO-2 from cell boundaries in MDCK. Furthermore, mechanical strain also inhibited cell 
proliferation in these cells. Since ZO-2 has previously been established as a regulator of 
occludin expression as well as cell proliferation, we propose that ZO-2 re-localization is 
one of the main causes for the observed cellular response. These results, for the first time, 
point towards the possible role of ZO-2 in modulating the response of cells to mechanical 
strain. 
7.2 Future Work 
The work presented in this thesis opens up three important and exciting research avenues 
for exploration in the future: 
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(a)  Only representative components of intercellular adhesion molecules have been 
explored in this thesis. However, the same technique and principle can be applied to 
study and characterize other important protein interactions. In particular, the study of 
newly identified interactions of intercellular adhesion proteins e.g. hepatitis C virus 
(HCV) interaction with Claudins and herpes envelope glycoprotein with nectin-1 can 
provide a better understanding of viral adhesion and pathogenesis. Other interesting 
interactions involving tight junction proteins include Clostridium perfringens enterotoxin 
(CPE) with Claudin-3 & Claudin-4 and interactions of JAM-C expressed on cancerous 
cells with endothelial cells. This would help us in better understanding the role of 
intercellular adhesion molecules in the pathogenesis of several important diseases.  
(b) The cell stretcher has been designed to allow the visualization of the protein 
localization and trafficking in response to mechanical strain in real time. Cells transfected 
with GFP (green fluorescent protein)-tagged tight junction proteins e.g. ZO-2 and 
occludin can be subjected to mechanical strain to visualize their dynamics in real time.  
(c) The mechanism by which externally applied mechanical strain influences the 
expression and localization of tight junction proteins needs to be explored in depth. In 
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